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adduct ion ,  and i n t e r n a l  - e x t e r n a l  r o t a t i o n  were i n v e s t i g a t e d .  The 
s tudy  a t  CAM1 i s  u s i n g  150 male and 150 female o s t e o l o g i c a l  
specimens f rom t h e  Hamann-Todd s k e l e t a l  c o l l e c t i o n  t o  i n v e s t i g a t e  
t h e  th ree-d imens iona l  v a r i a b i l  i ty o f  landmark l o c a t i o n s  i n  t h e  p e l v i s .  
Data a r e  presented i n  t a b u l a r  and g r a p h i c a l  forms. 
I n  genera l ,  t h e  r e s u l t s  o f  t h i s  program t o  da te  can be summarized as 
f o l l o w s :  
1 )  B i o l o g i c a l  v a r i a b i l i t y  must be cons idered as a 
s e t  o f  p r o b a b i l i s t i c  phenomena i n  d e t e r m i n i s t i c  
b iomechanical  models. 
2 )  Body p o s i t i o n  and m o b i l i t y  must be cons idered 
s imul  taneous ly  i n  th ree-d imens iona l  space. 
3 )  Data c o l  1 e c t i o n  and a n a l y s i s  must i n c o r p o r a t e  
t h e  use o f  anatomical  frames o f  re fe rence  d e f i n e d  
b y  f u n c t i o n a l l y  s i g n i f i c a n t  landmarks i n  t h e  
s k e l e t a l  system. 
4 )  Body p o s i t i o n  can be d e f i n e d  by t h e  l o c a t i o n  
o f  anatomica l  frames of reference,  and body m o b i l i t y  
can be d e f i n e d  by r e l a t i v e  mo t ion  between a d j a c e n t  
anatomica l  frames o f  re ference.  
S E C U R I T Y  CLASSIFICATION O F  THIS PAGE(When Data Entered) 
ACKNOWLEDGMENTS 
The au tho rs  w ish  t o  g r a t e f u l  l y  acknowledge t h e  many peop le  
who have g i v e n  t h e i r  encouragement and a s s i s t a n c e  i n  t h i s  research  
program. We would 1  i ke t o  e s p e c i a l l y  thank Mr. Char les  C lauser  
and Dr. Kenneth Kennedy a t  t h e  Aerospace Medica l  Research Labora- 
t o r y ,  Wr igh t -Pa t te rson  A i r  Force Base, f o r  t h e i r  suppor t  and 
ex t reme ly  he1 p f u l  guidance as Techn ica l  Moni t o r s  d u r i n g  t h e  
course o f  t h e  research  program. 
I n  a d d i t i o n ,  a  v e r y  un ique r e l a t i o n s h i p  has developed between 
t h i s  research  program and a  r e l a t e d  program a t  t h e  C i v i l  Aeromedical 
I n s t i t u t e  i n  Oklahoma City. Dr .  C lyde Snow, C h i e f  o f  t h e  Phys ica l  
Anthropo logy U n i t  i n  t h e  P r o t e c t i o n  and S u r v i v a l  Labora to ry ,  and 
Dr.  Reynolds a r e  i n v e s t i g a t i n g  t h e  geometry o f  t h e  human p e l v i s  as 
a  c o o p e r a t i v e  research  program. Wi thou t  t h i s  research  arrangement, 
much o f  t h e  p rog ress  o b t a i n e d  t o  da te  i n  systems anthropometry  wou ld  
have n o t  been p o s s i b l e .  
Dur ing  t h e  p r e p a r a t i o n  o f  t h i s  manusc r ip t ,  Dr. Rober t  Hubbard, 
Mr. Char les  C lauser ,  and Dr .  Kenneth Kennedy gave e x c e l l e n t  adv i ce  
wh ich  g r e a t l y  improved t h e  r e p o r t .  We would a l s o  1  i k e  t o  g r a t e -  
f u l l y  acknowledge t h e  e x p e r t  t y p i n g  o f  A r v i l l a  B o l l e y  and Chery l  L u f t  
i n  t h e  Department o f  Biomechanics, M ich igan  S t a t e  U n i v e r s i t y .  I n  
a d d i t i o n ,  t h e  a r t i s t i c  a b i l i t y  o f  D o r i s  ~ i e n z  has been g r e a t l y  
a p p r e c i a t e d .  
TABLE OF CONTENTS 
Page 
. . . . . . . . . . . . . . . . . . . . . . .  L i s t  o f  Tab les  v i  
. . . . . . . . . . . . . . . . . . . . . . .  L i s t  o f  F i g u r e s  v i i  
. . . . . . . . . .  1  . I n t r o d u c t i o n  t o  Systems Anthropomet ry  1  
. . . . . . . . . . . . . . . . . .  2  . Research Methodology 5 
. . . . . . . . . . . . . . . . . . . . . .  2.1 S u b j e c t s  5 
. . . . . . . . . . . . . . .  2.1.1.  HSRI S u b j e c t s  5 
. . . . . . . . . . . . . . .  2.1.2. CAM1 S u b j e c t s  10 
2.2 Three-Dimensional  Measurement Techniques . . . . . .  1 4  
. . . . . . . . . . . .  2.2.1.  HSRI I n s t r u m e n t a t i o n  14 
. . . . . . . . . . . .  2.2 .2 .  CAM1 I n s t r u m e n t a t i o n  19 
. . . . . . . . . . . . . . . .  . 3 Phase I 1  Research R e s u l t s  21 
. . .  3.1 I n v e s t i g a t i o n  i n v o l v i n g  f r e s h  cadavers a t  HSRI 21 
3.1.1.  S u r f a c e - I n t e r n a l  landmark c o r r e l a t i o n  
. . . . . . . . . . . . . . .  i n v e s t i g a t i o n  21 
3.1.2. I n v e s t i g a t i o n  o f  r e l a t i v e  segment m o t i o n  a t  
. . . . . . . . . . . . . . .  t h e  h i p  j o i n t  24 
3.2 I n v e s t i g a t i o n s  i n v o l v i n g  s k e l e t a l  m a t e r i a l  a t  
. . . . . . . . . . . . . . . . . . . . . . . .  CAM1 49 
3.2.1. S k e l e t a l  v a r i a t i o n  i n  ana tomica l  l a n d -  
. . . . . . . . . . . . . . .  mark l o c a t i o n  49 
TABLE OF CONTENTS 
Page 
. . . . . . . . . . . . . . .  4 . Summary and Recommendations 59 
4.1. Summary o f  Phase I1  Research . . . . . . . . . . .  53 
4.2. Recomniendations f o r  Systems Anthropometry 
. . . . . . . . . . . . . . . . . . . . .  Research 63 
4.2.1 . I n s t r u m e n t a t i o n  . . . . . . . . . . . . . .  63 
. . . . . . . . . . . . . .  4.2.2. Fu tu re  Research 65 
5 . L i s t  o f  References . . . . . . . . . . . . . . . . . . .  67 
6 . Appendix . . . . . . . . . . . . . . . . . . . . . . . .  69 
A . Cadaver Anthropometry . . . . . . . . . . . . . . . .  69 
R.1 .  L i s t  o f  Landmark D e f i n i t i o n s  . . . . . . . . .  69 
. . . . . . . .  A.2. L i s t  o f  Measurement D e f i n i t i o n s  71 
B . FORTRAN Program f o r  Computing 3-D Coord inate  
Loca t ions  o f  Anthropometr ic  Landmarks . . . . . . . .  79 
C . Exper imental  Out1 i ne f o r  Systems Anthropometry 
Data . . . . . . . . . . . . . . . . . . . . . . . .  86 
D . Landmark D e f i n i t i o n s  used i n  X-Ray Stereo-  
. . . . . . . . . . . . . . . .  Photogrammetry Study 89 
LIST O F  TABLES 
Table  Page 
1. T r a d i t i o n a l  anthropometry of f r e s h  cadavers u t i l i z e d  in  
Phase I I x-ray s tereo-photogrammetry s tudy  . . . . . . . . .  7 
2. T r a d i t i o n a l  anthropometry of male s u b j e c t s  measured from 
Hamman - Todd s k e l e t a l  c o l l e c t i o n .  12 . . . . . . . . . . . . .  
3 .  Summary of composite e r r o r  f o r  t h r e e  c a l i b r a t i o n s .  1 8  . . . . .  
4. S p a t i a l  geometry between i n t e r n a l  and e x t e r n a l  landmarks . . 26 
5. S t a t i s t i c a l  a n a l y s i s  of e r r o r  in  t r o c h a n t e r  landmarks ' 
l o c a t i o n  2 8 . . . . . . . . . . . . . . . . . . . . . . . . . .  
6 .  3-D anthropometry f o r  s u b j e c t  04 i n  x-ray s t e r e o -  
photogrammetry s tudy  3 0 . . . . . . . . . . . . . . . . . . . .  
7. 3-D anthropometry f o r  s u b j e c t  06 in x-ray s t e r e o -  
photogrammetry s tudy  3 3 . . . . . . . . . . . . . . . . . . . .  
8. 3-D anthropometry f o r  s u b j e c t  07 i n  x-ray s t e r e o -  
photogrammetry s tudy  3 7 . . . . . . . . . . . . . . . . . . . .  
9. Summary s t a t i s t i c s  of s u b s e t  of Hamman-Todd male 3-D 
p e l v i c  d a t a .  . . . . . . . . . . . . . . . . . . . . . . . .  5 6 
LIST OF FIGURES 
F i g u r e  Page 
1. Diagram o f  p r imary ,  secondary, and t e r t i a r y  a x i s  system. . . 4  
2. Body-s ize  sampl ing  scheme based on 1960-1962 HEW survey.  . . 11 
3 .  Schematic d iagram o f  p lacement o f  c a l i b r a t i o n  d e v i c e  
d u r i n g  t h r e e  t e s t  c o n f i g u r a t i o n s  . . . . . . . . . . . . . . 16 
4. Photograph of measurement i n s t r u m e n t a t i o n  a t  CAMI. . . . . . 20 
5. Photocopy o f  r a d i o g r a p h  showing landmarks i n  t h e  h i p  
r e g i o n  o f  s u b j e c t  07 . . . . . . . . . . . . . . . . . . . . 2  3 
6.  Schematic d iagram o f  i n t e r n a l  - e x t e r n a l  landmark geometry 
w i t h i n  t h e  p e l v i c  a x i s  system. . . . . . . . . . . . . . . . 25 
7. Path o f  T r o c h a n t e r i o n  r e l a t i v e  t o  p e l v i c  a x i s  system d u r i n g  
h i p  f l e x i o n  i n  t h e  s a g i t a l  p l a n e  f o r  s u b j e c t s  04 and 07. . . 4  3 
8.  Path o f  T r o c h a n t e r i o n  r e l a t i v e  t o  p e l v i c  a x i s  system d u r i n g  
h i p  a b d u c t i o n  i n  t h e  f r o n t a l  p lane  f o r  s u b j e c t s  04, 06, 
a n d 0 7  . . . . . . . . . . . . . . . . . . . . . . . . .  . .  4 3 
9.  Path o f  T r o c h a n t e r i o n  r e l a t i v e  t o  p e l v i c  a x i s  system d u r i n g  
h i p  r o t a t i o n  i n  t h e  t r a n s v e r s e  p l a n e  f o r  s u b j e c t s  04, 
O6,and 07. . . . . . . . . . . . . . . . . . . . . . . . . . 44 
10a-n. Sequen t i a l  photographs o f  eve ry  f i f t h  f rame from a  
c i n e r a d i o g r a p h i c  f i l m  o f  h i p  a b d u c t i o n  f o r  s u b j e c t  07. . . . 4 5 
11. P r o j e c t e d  schemat ic  o f  sacrum showing m i d l i n e  landmarks.  . . 50 
12. P o s t e r i o r  v iew o f  sacrum showing m i d l i n e  and l a t e r a l  
landmarks. . . . . . . . . . . . . . . . . . . . . . . . . . 59 
13. A n t e r i o r  v i ew  o f  sacrum showing m i d l i n e  and l a t e r a l  
landmarks. . . . . . . . . . . . . . . . . . . . . . . . . . 5 1  
14. Schematic v iew o f  s a c r o - i l i a c  j o i n t  s u r f a c e  showing 
landmarks.  . . . . . . . . . . . . . . . . . . . . . . . . . 5 1  
15. L a t e r a l  v iew o f  i l i a c  c r e s t  showing landmarks. . . . . . . . 52 
16. L a t e r a l  v iew o f  innominate  showing a n t e r i o r  and p o s t e r i o r  
i 1 i a c  b o r d e r  landmarks . . . . . . . . . . . . . . . . . . . 5 2  
Figu re  Page 
17 .  Medial view o f  i nnomina t e  showing p e l v i c  i n l e t  landmarks . . 53 
18. Medial view of  pub i s  showing landmarks . . . . . . . . . . . 53 
19 .  L a t e r a l  view o f  ace tabulum showing landmarks . . . . . . . . 54 
20.  Medial view o f  i nnomina t e  showing s u r f a c e  c o n t o u r  
landmarks.  . . . . . . . . . . . . . . . . . . . . . . . . . 54 
21.  L a t e r a l  view of  i nnomina t e  showing s u r f a c e  c o n t o u r  
landmarks .  . . . . . . . . . . . . . . . . . . . . . . . . . 55 
22. Hamman - Todd Male 3-D d a t a  p l o t t e d  r e l a t i v e  t o  s econda ry  
a x i s  sy s t em i n  t h e  f r o n t a l  p l a n e  . . . . . . . . . . . . . . 57 
23. Hamman - Todd male  3-D d a t a  p l o t t e d  r e l a t i v e  t o  s e c o n d a r y  
a x i s  sys tem i n  t h e  t r a n s v e r s e  p l a n e .  . . . . . . . . . . . . 58 
1  , INTRODUCTION TO SY STEF.1S ANTHROPOMETRY 
T r a d i t i o n a l  s i m u l a t i o n  concepts  have cons ide red  t h e  body 
as a  s e r i e s  o f  i n t e r c o n n e c t e d  r i g i d  "mass - l i nks . "  The anatom- 
i c a l  f o u n d a t i o n  o f  t h i s  approach was l a i d  by Braune and F i s c h e r  
(1889, 1892) i n  t h e i r  i n v e s t i g a t i o n  o f  t h e  b iomechanics o f  body 
p o s i t i o n s  assumed by German i n f a n t r y m e n  i n  t i l e  1 9 t h  c e n t u r y .  
T h e i r  r e s u l  t s  have 1 ed 2 0 t h  c e n t u r y  b iomechan ic i  s t s  f r e q u e n t l y  
t o  use mechanical  analogues o f  human anatomy i n  t h e i r  i n v e s t -  
i g a t i o n s  o f  t h e  dynamic human body. O f  t hose  2 0 t h  c e n t u r y  
i n v e s t i g a t o r s  who c o n t i n u e d  t o  s t u d y  and measure t h e  a n t h r o -  
p o m e t r i c  parameters f o r  t hese  mechanical  analogues t h a t  s i m u l a t e  
t h e  human body, Dempster (1955) ach ieved  t h e  most comprehensive 
r e s u l t s .  To advance s i g n i f i c a n t l y  beyond Dempster '  s  c o n t r i -  
b u t i o n s ,  human body p o s i t i o n  and m o b i l i t y  must  be s t u d i e d  and 
measured i n  t h e  th ree -d imens iona l  frame o f  r e f e r e n c e  w i t h  a  more 
e x a c t  d e s c r i p t i o n  o f  j o i n t  a r t i c u l a t i o n ,  and t h e  v a r i a t i o n  must  
be s t a t i s  t i c a l  l y  ana lyzed  f o r  p r e d i c t i v e  models.  Two-dimen- 
s i o n a l  measurement t echn iques  must  be r e p l a c e d  w i t h  three-dimen- 
s i o n a l  measurement t echn iques ;  t h e  geomet r i c  d e s c r i p t i o n  o f  
human body p o s i t i o n  must i n c o r p o r a t e  p r o b a b i l i t y  s t a t i s t i c s ;  and 
body mobi 1  i t y  must  have a  k i n e m a t i c a l l y  comple te  c h a r a c t e r i z a t i o n .  
The a c q u i s i t i o n  o f  d a t a  from which  an a c c u r a t e  three-dimen- 
s i o n a l  p r e d i c t i o n  o f  body p o s i t i o n  and m o b i l i t y  can be o b t a i n e d  
must be based upon f u n c t i o n a l  and s t a b l e  landmarks.  These l and -  
marks a r e  p a l p a b l e  s k e l e t a l  f ea tu res  t h a t  a r e  c o n s i s t e n t l y ,  n o t  
randomly, found on each i n d i v i d u a l  i n  t h e  p o p u l a t i o n .  S k e l e t a l  
f ea tu res ,  s u i t a b l e  f o r  landmark d e f i n i t i o n ,  a r e  found  a t  t h e  
s i t e  of e i t h e r  a  m u s c l e ' s  o r i g i n  o r  i n s e r t i o n ,  wh ich  i s  mechan- 
i c a l l y  t h e  s i t e  o f  a p p l i c a t i o n  o f  an i n t e r n a l l y  gene ra ted  f o r c e  
t h a t  produces m o t i o n  o f  one bone r e l a t i v e  t o  ano the r .  Recog- 
n i  t i o n  o f  t h i s  r e l a t i o n s h i p  i n  t h e  muscu lo -ske le ta l  system i s  
i m p o r t a n t  f o r  Systems Anthropometry o n l y  i n  t h a t  i t  p r o v i d e s  t h e  
r a t i o n a l e  f o r  u s i n g  axes systems based on an anatomica l  frame of  
re fe rence .  T h i s  i n s i g h t  i n t o  t h e  e t i o l o g y  o f  o u r  s k e l e t a l  geo- 
me t ry  may p r o v i d e  t h e  means by  wh ich  t h e  k inemat i c  p r o p e r t i e s  of  
t h e  human body a r e  p r e d i c t e d .  That  i s ,  s i n c e  human body m o b i l i t y  
i s  a  f u n c t i o n  o f  muscu lar  " f o r c e s "  a c t i n g  upon s k e l e t a l  " l i n k s , "  
t h e  s p a t i a l  p o s i t i o n  o f  t h e  musculo-s k e l e t a l  system shou ld  pro-  
v i d e  an independent v a r i a b l e  wh ich  can p r e d i c t  m o b i l i t y  g i v e n  t h e  
t i m e - d i s p l  acement parameters necessar.y f o r  k i n e m a t i c  ana lyzes.  
T h i s  approach i s  un ique t o  Systems Anthropometry and may p r o v i d e  
t h e  means by  wh ich  p r e d i c t i v e  models ach ieve a c c u r a t e  r e s u l t s .  
There a r e  two ma jo r  research  ques t ions  posed r e l a t i v e  t o  
these landmarks. F i r s t ,  i s  t h e r e  a  d e f i n e a b l e  r e l a t i o n s h i p  be- 
tween co r respond ing  i n t e r n a l  s  k e l  e t a 1  1  andmarks and t h e  e x t e r n a l  
p r o j e c t i o n  o f  t h a t  s k e l e t a l  f e a t u r e  t h a t  i s  l o c a t e d  on t h e  s k i n  
sur face? If such a  r e l a t i o n s h i p  can be def ined,  t hen  i n v e s t i -  
g a t i o n s  concern ing  body p o s i t i o n  and mobi 1  i ty on 1  i v i n g  s u b j e c t s  
can be d i r e c t e d  th rough  t h e  use o f  s k e l e t a l  landmarks. I n  o r d e r  
t o  conduct  such an i n v e s t i g a t i o n ,  a  s p a t i a l  r e l a t i o n s h i p  must be 
d e f i n e d  between c o r r e s ~ o n d i n g  i n t e r n a l  and e x t e r n a l  1  andmarks. 
Second, a r e  these  landmarks s u i t a b l e  f o r  d e f i n i n g  s k e l e -  
t a l l y - b a s e d  axes systems th rough  which  t h e  e f f e c t  of  i n t r a -  and 
i n t e r - i n d i v i d u a l  d i f f e rences  on body p o s i t i o n  and mob i l  i t y  can be 
i n v e s t i g a t e d ?  I n  o r d e r  t o  a c c u r a t e l y  d e s c r i b e  t h e  p o s i t i o n  and 
o r i e n t a t i o n  of  a body segment th rough t h e  use o f  a  three-dimen- 
s i o n a l  a x i s  system, t h e  d e f i n i t i o n  o f  t h e  a x i s  system shou ld  be 
made u s i n g  landmarks t h a t  a r e  as f a r  a p a r t  as p o s s i b l e  on 
a  s i n g l e  r i g i d  bone. I n  a d d i t i o n ,  these landmarks must be 
a c c u r a t e l y  and r e p r o d u c i b l y  i d e n t i f i e d  on each s u b j e c t .  
Sys tems An th ropomet r ,~  has, t h e r e f o r e ,  approached t h e  s tudy  
o f  body p o s i t i o n  and m o b i l i t y  f rom t h e  v i e w p o i n t  t h a t  t h e  human 
bod,y i s  a  t h ree -d imens iona l  system composed o f  segments t h a t  move 
r e l a t i v e  t o  each o t h e r .  The b a s i c  d e s c r i p t i v e  mechanism i s  an 
anatomica l  frame o f  r e f e r e n c e  un ique t o  each segment. N i t h i n  
t hese  frames o f  re ference,  mass d i s t r i b u t i o n  p r o p e r t i e s  and r e -  
1  a t i v e  segment mo t ion  p r o p e r t i e s  a r e  l o c a t e d  and o r i e n t e d  
( F i g u r e  1 ) .  The l a t t e r  parameter  i s  t h e  p r i m a r y  focus  f o r  t h e  
resea rch  conducted under t h i s  program. T h a t  i s ,  t h e  c u r r e n t  r e -  
search  program i s  i n v e s t i g a t i n g  segment landmarks, segment axes 
systems based upon these  landmarks, and m o t i o n  d e s c r i p t i o n  and 
p r e d i c t i o n  o f  one segment r e l a t i v e  t o  an ad- jacent  segment. I n  
summary, body p o s i t i o n  w i l l  be d e f i n e d  by t h e  l o c a t i o n  o f  t h r e e -  
d imens iona l  C a r t e s i a n  c o o r d i n a t e  axes systems based on s k e l e t a l  
landmarks, and body m o b i l i t y  w i  11 be  d e f i n e d  by t h e  r e l a t i v e  
m o t i o n  between these  axes systems, 
The l umbar /pe l v i c / f emur  r e g i o n  has been t h e  f i r s t  p a r t  o f  
t h e  body t o  be i n v e s t i g a t e d .  The p e l v i s  p r o v i d e s  a  b a s i c  s k e l -  
e t a l  geometry w i t h i n  wh ich  m o t i o n  of t h e  femur ( t h i g h  segment) 
can be d e s c r i b e d  f o r  t h e  k i n e m a t i c a l l y  complete s i x  degrees o f  
freedom. The freedom o f  t h e  h i p  j o i n t  t o  r o t a t i o n s  about  t h r e e  
o r thogona l  axes, and, t o  some e x t e n t ,  t r a n s l a t i o n ,  p r o v i d e s  a  
w ide  range o f  p o s s i b l e  m o t i o n  pa ths  t h a t  a r e  perhaps more ex ten-  
s i v e  than  can be rep resen ted  by a  b a l l - a n d - s o c k e t  d e s c r i p t i o n .  
As a  r e s u l t ,  t h e  m o b i l i t y  o f  t h e  h i p  j o i n t  c o n t a i n s  components 
t h a t  must be d e s c r i b e d  w i t h i n  a  p r o b a b i l i s t i c  framework. 
I n  summary, t h e  p r e s e n t  i n v e s t i g a t i o n  i s  a t t e m p t i n g  t o  p r o -  
v i d e  t h e  methodology and s e l e c t e d  da ta  s u i t a b l e  f o r  three-dimen- 
s i o n a l  p r e d i c t i v e  s i m u l a t i o n s  o f  who1 e-body p o s i t i o n  and mobi 1  i t y  
These da ta  a r e  used, as p o i n t e d  o u t  i n  t h e  1 s t  I n t e r i m  Repor t  t o  
t h e  Air Force O f f i c e  of S c i e n t i f i c  Research, i n  b o t h  s i m u l a t i o n s  
of impac t  and a c c e l e r a t i o n  envi ronments as w e l l  as workspace 
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F i g u r e  1. Diagram o f  P r imary ,  Secondary and t e r t i a r y  a x i s  systems. 
2. RESEARCH METHODOLOGY 
2.1 Sub jec ts  
A t  Highway S a f e t y  Research I n s t i t u t e  (HSRI ) , an i n v e s t i -  
g a t i o n  i n t o  t h e  r e 1  a t i o n s h i p  between i n t e r n a l  s  k e l  e t a l  and ex- 
t e r n a l  s u r f a c e  landmark l o c a t i o n s ,  segment axes sys tems , and 
r e 1  a t i v e  segment m o t i o n  has used f r e s h  cadavers .* I n  c o o p e r a t i o n  
w i t h  Dr .  C lyde C .  Snow a t  t h e  C i v i l  Aeromedical I n s t i t u t e  (CAMI) 
i n  Oklahoma C i t y ,  o s t e o l  o g i c a l  specimens, o b t a i n e d  on l o a n  from 
t h e  tlamann-Todd S  k e l  e t a l  Col 1  e c t i  on a t  t h e  C l  eve1 and Museum of 
N a t u r a l  H is to r , y ,  have been used i n  t h e  i n v e s t i g a t i o n  o f  t h e  v a r i -  
a b i l i t y  o f  s k e l e t a l  landmarks f o r  a x i s  system d e f i n i  t i ~ n .  
I n t e g r a t i o n  o f  t h e  r e s u l t s  f rom these two separa te  s t u d i e s  w i l l  
u t i l i z e  an a n t h r o p o m e t r i c  b o d y - s i z i n g  scheme d iscussed i n  t h e  1 s t  
I n t e r i m  Repor t .  An th ropomet r i c  d a t a  a r e  c o l l e c t e d  on each cadaver 
used i n  t h e  r a d i o g r a p h i c  i n v e s t i g a t i o n  o f  t h ree -d imens iona l  body 
p o s i t i o n  and m o b i l i t y .  S i m i l a r  a n t h r ~ ~ o m e t r i c  d a t a  a r e  a v a i l a b l e  on 
each cadaver rep resen ted  i n  t h e  Hamann-Todd s  k e l  e t a l  c o l  l e c t i  on .  
Thus, w i t h i n  t h e  framework of  a  s t a t i s t i c a l l y  d e f i n e d  s e t  o f  body- 
s i z e  c a t e g o r i e s ,  t h e  two samples w i  11 be examined and compared the reby  
making t h e  i n t e g r a t i o n  more s e n s i t i v e  t o  sma l l  d i f f e r e n c e s  i n  t h e  da ta .  
2.1 .I HSRI S u b j e c t s .  Sub jec ts  used a t  HSRI were 
screened t o  a v o i d  t h e  use o f  any cadaver w i t h  any obv ious path-  
o l o g y .  I n  a d d i t i o n ,  s u b j e c t s  were s e l e c t e d  w i t h  a  l ow  w e i g h t - t o -  
h e i g h t  r a t i o  ( o r  " t h i n n e s s " )  t o  enab le  improved x - r a y  imaging o f  
i n t e r n a l  t a r g e t  l o c a t i o n s  and ease o f  hand1 i n g .  The c h o i c e  o f  
t h i n  cadavers does n o t  n e c e s s a r i l y  a f f e c t  t h e  l o c a t i o n  o f  boney 
" 1  i n e a r "  landmarks s i n c e  t h e r e  seems t o  be 1 i t t l e  r e l a t i o n s h i p  
* The p r o t o c o l  f o r  t h e  use o f  cadavers i n  t h i s  s t u d y  was rev iewed 
by  t h e  Committee t o  Review Grants f o r  C l i n i c a l  Research and 
I n v e s t i g a t i o n  I n v o l v i n g  Human Beings o f  The U n i v e r s i t y  o f  
M ich igan  Medica l  Center  and f o l l o w s  gu ide1 i nes e s t a b l i s h e d  by 
t h e  U.S. Pub1 i c  H e a l t h  S e r v i c e  and recommended by t h e  N a t i o n a l  
Academy o f  Sc iences /Na t iona l  Research Counci 1  . 
between l i n e a r  boney measurements o f  boney landmark p o s i t i o n s  and 
body w e i g h t  (see 1 s t  I n t e r i m  Repor t ) .  C o n t i n u a t i o n  o f  t h e  r e -  
search i n t o  t h e  r e l a t i o n s h i p  o f  e x t e r n a l  s u r f a c e  landmarks and 
t h e i r  a s s o c i a t e d  i n t e r n a l  s k e l e t a l  f e a t u r e s  w i l l  , however, r e -  
q u i r e  t h e  s e l e c t i o n  o f  s u b j e c t s  w i t h  s o f t  t i s s u e  d i s t r i b u t i o n  
more a c c u r a t e l y  r e p r e s e n t i n g  t h e  v a r i a t i o n  found i n  t h e  l i v i n g  
p o p u l a t i o n .  
Three male caucas ian s u b j e c t s  were u t i  1  i z e d  i n  r a d i o g r a p h i c  
s t u d i e s  a t  H S R I  (Sub jec ts  04, 06, and 0 7 ) .  The s u b j e c t s  weighed 
37.7, 43.3 and 42.3 kg ( i  = 41.1 kg)  and w i t h  s t a t u r e s  o f  170.1, 
165.3 and 177.9 cm ( i  = 171.4 cm) r e s p e c t i v e l y .  S u b j e c t  04 was 
64 yea rs  a t  t h e  t i m e  o f  death wh ich  was a t t r i b u t e d  t o  "genera l -  
i z e d  cancer . "  I n  a d d i t i o n ,  t h i s  s u b j e c t  had a  m i d l i n e  v e n t r a l  
s c a r  ex tend ing  f rom t h e  pub is  t o  t h e  t i p  o f  t h e  x i p h o i d  and he 
a l s o  had had a  L5-S1 laminectomy. S u b j e c t  Q6 was 97  yea rs  a t  t h e  
t i m e  of death wh ich  was a t t r i b u t e d  t o  b i l a t e r a l  pneumonia. We 
r e c e i v e d  n e i t h e r  t h e  age n o r  cause o f  death o f  s u b j e c t  07 who 
appeared t o  be approx ima te l y  80 t o  90 yea rs  a t  t h e  t i m e  o f  death .  
Sub jec ts  04, 06 and 07 were used i n  t h e  s t e r e o - r a d i o g r a p h i c  i n -  
v e s t i g a t i o n  o f  landmarks, axes systems and r e l a t i v e  segment 
mo t ion  w h i l e  s u b j e c t  97 was a d d i t i o n a l l y  used i n  t h e  c i n e r a d i o -  
g r a p h i c  imaging s t u d y  o f  m o t i o n  i n  t h e  h i p  j o i n t .  
T r a d i t i o n a l  an th ropomet r i c  measurements were o b t a i n e d  on 
each o f  t hese  cadavers.  The da ta  a r e  r e p o r t e d  i n  Tab le  1  and t h e  
measurement d e f i n i t i o n  and techn iques a r e  i n c l u d e d  i n  Appendix A. 
These data  were o b t a i n e d  s h o r t l y  a f t e r  t h e  cadaver a r r i v e d  a t  t h e  
l a b o r a t o r y  wh ich  i n  genera l  was w i t h i n  one week o f  death .  There 
was no r i g o r  -- m o r t i s  e v i d e n t  so t h a t  t h e  cadavers were ex t reme ly  
f l a c c i d .  
TABLE 1 
T r a d i t i o n a l  anthropometry o f  f r e s h  cadavers u t i  1 i zed 
i n  Phase I1 x - ray  s t e r e o  photogrammetry s tudy.  
(Measurements i n  cm where a p p l i c a b l e )  
Measurement - 04 0 6 - 0 7 
Weight (KG) 
S t a t u r e  
T rochan te r i on  Hgt  
Symphysion Hgt  
ASIS Hgt  
I l i o c r i s t a l e  Hgt  
Substerna le  Hg t  
Mi d-Ches t Hgt  
Sup ras te rna le  Hg t  
Acromion Hgt 
Mas to id  Hgt 
T rag ion  Hgt 
T rag ion  Depth 
Sup ras te rna le  Depth 
Mid-Chest Depth 
Subs t e r n a l  e Depth 
ASIS Depth 
Symphysion Depth 
Supras terna l  e-Acromion D is tance  
B iac rom ia l  Breadth  
Mi d-Chest Breadth  
Chest B r ,  a t  Substerna le  
H i p  B r ,  a t  I l i o c r i s t a l e  
B isp inous Diameter 
ASIS- to-Symphysion Dis tance 
* A l l  composi te body he igh ts  a r e  measured as a d i s t a n c e  f rom t h e  t o p  of t h e  head. 
Measurement 
B i  t r o c h a n t e r i  c B read th  
Acromion-Radia le  Leng th  
B a l l  o f  Humerus-Radiale Length  
Rad ia le -S ty1  i o n  Length  
Hand Length  
Hand B read th  
Hand Th ickness 
W r i s t  B read th  
Forearm Depth 
Upper Arm Depth 
Femur Leng th  
F i b u l a  Length  
T i b i a  Length  
Lower Leg Length  
Foo t  Length  
Foo t  B read th  
Minimum A n k l e  B read th  
Cal f Depth 
Upper Th igh  B read th  
Head B read th  
Head Length  
B i t r a g i o n  B read th  
B i g o n i a l  B read th  
M a s t o i d - C r i n i o n  Length  
Head C i r cumfe rence  
Idid-Sagi  t t a l  A rc  Length  
B i  t r ag ion -Corona l  A rc  Length  
Mid-Neck Ci rcumference 
Chest Circumference a t  Mid-Chest 
Chest C i r cumfe rence  a t  Subs te rna l  e 
H i p  C i r cumfe rence  a t  I 1  i o c r i s t a l e  
Measurement - 0 4 - 06 
57. B u t t o c k s  C i rcumference  a t  T r o c h a n t e r i o n  78.9 76.9 
58. Upper Arm C i rcumference  14.6 20.5 
59. P.laximum Forearm C i  rcumference  11.5 1 8 . 7  
60. Minimum W r i s t  C i rcumference  14.1 13.7 
61. Upper T h i g h  C i rcumference  30.2 37.1 
62. Maximum C a l f  C i rcumference  24.9 25.5 
63.  Elinimum Ank le  C i rcumference  18 .8  17.C) 
2.1.2 CAMI S u b j e c t s .  Research on t h e  os teo -  
l o g i c a l  specimens a t  CAMI i s  d i r e c t e d  a t  o b t a i n i n g  p o p u l a t i o n  
parameters  on t h e  geometry o f  t h e  s k e l e t o n .  The ana tomis t ,  Dr .  T. 
W .  Todd who c o l  l e c t e d  t h e  s k e l e t o n s ,  o b t a i n e d  a n t h r o p o m e t r i c  i n -  
f o r m a t i o n  on each embalmed cadaver whose s k e l e t o n  was i n c l u d e d  i n  
t h e  c o l l e c t i o n .  The t o t a l  c o l l e c t i o n  c o n s i s t s  o f  n e a r l y  3000 
human s k e l e t o n s  of documented age, sex, and race .  
The o s t e o l o g i c a l  specimens c u r r e n t l y  b e i n g  measured a t  CAMI 
were s e l e c t e d  f rom t h e  t o t a l  3000 s u b j e c t s  t o  match t h e  1960-1962 
HEW US genera l  p o p u l a t i o n  h e i g h t l w e i g h t  c h a r a c t e r i s t i c s  d e p i c t e d  
i n  F i g u r e  2 .  Each s i z e - c e l l  has an N=25 t h a t  r e p r e s e n t s  as 
c l o s e l y  as p o s s i b l e  t h e  p r e s e n t  US p o p u l a t i o n  i n  r a c i a l  composi- 
t i o n  and age p r o f i l e .  I n  a d d i t i o n ,  each group o f  specimens s e n t  
t o  CAY1 f o r  measurement i s  r e p r e s e n t a t i v e  o f  t h e  t o t a l  sample. 
Thus, t h e  da ta  p resen ted  i n  Tab le  2 c o n s i s t s  o f  26 males (average 
age = 49.4 y r s . )  equa1l.y d i s t r i b u t e d  among t h e  s i x  s i z e - c e l l s  i n  
F i g u r e  2. These dimensions have been d e f i n e d  by M a r t i n  (1928) and 
a r e  presented,  as t r a n s l a t e d  f rom t h e  o r i g i n a l  German, i n  G a r r e t t  
and I<enned,y ( 1  971 ) . 
The measurements i n  T a b l e  2 r e p r e s e n t  t h e  r i g h t  s i d e  o f  t h e  
bod,y. These measurements have been compared by d e f i n i t i o n s  and 
found t o  be t h e  same excep t  i n  t hose  cases t h a t  a r e  n o t e d  by pa r -  
en these around t h e  i d e n t i f i c a t i o n  number wh ich  cor responds t o  t h e  
measurement d e f i n i t i o n s  i n  Appendix A. There  a r e  a d d i t i o n a l  
measurements a v a i l a b l e  on t h e  specimens i n  t h e  tfamann-Todd c o l -  
l e c t i o n  b u t  o n l y  t hose  t h a t  a r e  comparable t o  t h e  measurements 
o b t a i n e d  on f r e s h  cadavers a t  H S R I  a r e  r e p o r t e d  h e r e i n .  

TABLE 2  
l a .  
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T r a d i t i o n a l  an th ropomet r y  o f  male  s u b j e c t s  measured 
f r om Hamann-Todd s k e l e t a l  c o l l e c t i o n  
(Measurements i n  cm where a p p l i c a b l e )  
Measurement - N Minimum Maximum ! e x  Std .  Dev. 
Weight  ( a c t u a l  i n  l b , )  2  6 
LJeight ( a d j u s t e d  i n  l b . )  26 
S t a t u r e  26 
T r o c h a n t e r i o n  l i q t .  2 6  
Symphysion Hgt .  26 
ASIS Hg t .  26 
S u p r a s t e r n a l e  H g t .  2  6 
Acromion Hg t .  26 
B i a c r o n i c a l  B read th  2  5 
Chest B read th  26 
H i p  B read th  a t  I l i o c r i s t a l e  26 
B i s p i  nous Diameter  26 
Acromion-Radia le  Length  2  6  
Rad ia le -S ty1  i a n  Length  2 6  
Hand Lenqth  2 6  
Hand B read th  26 
Femur ( t h i g h )  Lenqth  2  6 
Femur ( shank )  Leng th  2  6 
Foot  Length  2 5 
Foo t  B read th  26 
Head B read th  26 
Head Leng th  26 
B i t r a g i o n  B read th  25 
B i g o n i a l  B read th  2  6 
Head C i r cumfe rence  25 
* A l l  compos i te  body h e i g h t s  a r e  measured as a d i s t a n c e  f r om t h e  so les  o f  t h e  f e e t .  
Measurement 
M i d - S a g i t t a l  A rc  Length 
B i  t rag ion -Corona l  Arc.  L .  
Chest C i r c .  
Upper Arm C i r c .  
Maximum Forearm C i r c .  
Minimum W r i s t  C i r c .  
Upper Th igh  C i r c .  
l4aximum C a l f  C i r c .  
Minimum Ankle C i r c .  
S td .  Dev. 
2 . 2  Three-Dimensional Measurement Techniques. 
Measurement techniques employed a t  both HSRI and CAM1 lo- 
ca te  points in a three-dimensional Cartesian coordinate frame of 
reference. These points a re  anatomical landmarks t ha t  wil l  be 
used to define the position and mobi 1 i t , y  of the human body. This 
section wi 11 therefore discuss primari ly the equipment and char- 
a c t e r i s t i c s  of t ha t  equipment re la t ive  t o  what i t  measures and 
how accurately i t  can measure points in three-dimensional space. 
2 . 2 . 1  HSRI Instrumentation. The basic measurement tech- 
nique i s  quant i ta t ive  stereo-radiography which consis ts  of a pair  
of stereo-radiographs obtained within a controlled geometry. The 
x-y coordinate locations of each 1 andmark in the corresponding 
stereo--pairs a re  combined in a computerized algorithm to  pro- 
duce the x-y-z coordinate locations of each landmark r e l a t i ve  t o  
the f i  lm reference system. These three-dimensional data are  then 
transformed into an antomical axis system based on three land- 
marks o n  the specimen. 
The HSRI x-ray svstem used in t h i s  work was not specif-  
ical ly  configured fo r  x-ray stereophotogrammetry. I t  consisted 
of a conventional moveable tube head and stand,  with a c l in ica l  
x-ray table  and casse t t e  holder. The measurement space of the 
stereo-radiographs was therefore 1 imi ted to  a 14" x 17"  film 
format which res t r i c ted  the anatomical region of study t o  land- 
marks in the lower 1 umbar vertebrae, pelvis and upper ha1 f of the 
femur. This was a major l imitat ion to  the study since i t  was 
impossible t o  obtain data on the complete thigh segment. The 
out l ine  of the experiment i n  Appendix C therefore describes the 
sequence by which the data were obtained with the f a c i l i t y  a t  
HSRI and not the ideal sequence fo r  a stereo-radiographic labor- 
atory dedicated t o  Systems Anthropometry research. 
Since the x-ray system a t  HSRI was n o t  dedicated to Systems 
Anthropometry, frequent re-posi tioning of the moveable components 
was a problem. A ca l ibra t ion device, described in the Interim 
Report, was constructed t o  serve two purposes: 1 ) t o  provide an 
array of points in space for  which t rue  values were avai lable ,  
and 2 )  to  provide a measure of the spread, or  repeatabi l i ty ,  of 
reproducing the control points for  numerous re-posi tionings of 
the x-ray faci  1 i  t y  coniponents . Three cal i  bration t e s t  conditions 
were studied as follows (See Figure 3 ) :  
1 )  the cal ibra t ion device was placed d i rec t ly  on the film 
casset te  (Condition I ) ,  which was placed on the x-ray table surface;  
in t h i s  case, l ines  were drawn on the x-ray table  surface,  and on 
casset te  surfaces to  assure,  as much as possible, replacement of 
device and casset te  during production of s tereopairs ;  
2 )  the ca l ibra t ion device was placed on  the x-ray table  
surface (Condition I I ) ,  and casset tes  were placed in the normal 
casset te  holder in the x-ray table ;  l ines  on the table  to  posi- 
tion the device, and markers on the table  t o  position the cas- 
s e t t e  holder were used; t h i s  t e s t  condition represented ordinary, 
normal usage of the x-ray t ab le ;  
3)  the cal ibrat ion device was placed on a specia l ly  con- 
structed tab1 e (Condition I I I ) ,  t o  position subject specimens, and 
also contained a f ix tu re  beneath i t s  surface to  hold casset tes  in 
a much more r ig id  and repeatable position than the normal cas- 
s e t t e  holder could; th i s  table  was clamped to  the x-ray table .  
In each of the above t e s t  conditions, the ca l ibra t ion de- 
vice was reproduced in three dimensions by s t e reorad iogra~hic  
analysis .  These included points a l l  in the upper plane, a l l  in 
the lower plane, and between the upper and lower plane. A to ta l  
of 270 separate distance determinations for  the three t e s t  con- 
d i t ions  and arrays of points in space was conducted, result ing in 
II. 
F i g u r e  3. Schematic diagram of placement o f  c a l  i b r a t i o n  dev ice  
d u r i n g  t h r e e  t e s t  c o n d i t i o n s :  1, 11 and 111 as de- 
s c r i b e d  i n  t e x t  where A rep resen ts  t h e  c a l i b r a t i o n  
device,  B t h e  f i l m  casse t te ,  C t h e  c l i n i c a l  X-ray 
t a b l e ,  and D t h e  HSRI  c o n s t r u c t e d  t a b l e .  
a s ing le  mean accuracy* value fo r  each t e s t  condition. These 
val ues represent the composite of systematic and random e r r o r ,  
without attempting to  separate the magnitude of each e r ro r  com- 
ponent. The r e s u l t s ,  presented in Table 3 ,  show t h a t  the e f f o r t  
expended t o  assure r ig id  and repeatable positioning of the x-ray 
casse t t e  did lead t o  an improvement in the composite accuracy. 
The th i rd  case in Table 3 shows tha t  a 129 rnm length in space 
could be determined to  within 3.74 mm, and in many cases, even 
be t t e r  than t h i s ,  which was qui te  remarkable considering the 
d i f f i c u l t i e s  encountered in the HSRI x-ray fac i l  i ty .  Sreater  im- 
proB:ement could have beer! at tained had the x-ray tube positioning 
been controlled more accurately,  b u t  t h i s  would have required 
s t ruc tura l  modifications t h a t  were not f eas ib le  in view of the 
usage circumstances of the HSRI faci  1 i ty .  For highly accurate 
coordinate determi nation in systems anthropometry, an x-ray 
fac i l  i t y  properly configured and dedicated i s  required. 
The radiographs obtained in t h i s  x-ray f a c i l i t y  were digi-  
t ized  on a specia l ly  constructed l i g h t  table  using a mechanical 
desk-top d i g i t i z e r  with a resolution of 0.25 mm. The coordinate 
data were transmitted upon command into e i t h e r  a minicomputer a t  
HSRI o r  the University of Michigan computer which calculated the 
three-dimensional coordinates of each landmark. The FORTRAN pro- 
gram i s  included as Appendix B .  
I n  addition to  the above c l in ica l  x-ray f a c i l i t y  a t  HSRI, a 
cine-radiographic system was used t o  observe hip jo in t  motion in 
a subject  (#07 )  in order to  observe the range and sequence of 
*Accuracy i s  defined here as the r a t i o  of the absolute magnitude 
of the difference between a measured value and i t s  t rue  value to 
the t rue  value, expressed as a percent, as f o l l o ~ ~ s :  
Percent accuracy = )a'- x 100 a 
where a '  i s  the measured value, and a i s  the true value. 
TABLE 3  
Summary o f  composi te e r r o r  f o r  t h r e e  c a l i b r a t i o n  c o n d i t i o n s .  
N Tes t  C o n f i g u r a t i o n  - - x Minimum Maximum 
1 ) C a l i b r a t i o n  dev ice  d i r e c t l y  
on casse t te  
2 )  C a l i b r a t i o n  dev i ce  on x- ray  93 3.4% 1.9% 
t a b l e ,  casse t te  i n  t a b l e  h o l d e r  
3) C a l i  b r a t i o n  dev i ce  on f a b r i c a t e d  81 2.9% 1  .6% 
specimen and casse t te  h o l d e r  
m o t i o n  o f  t h e  femur r e l a t i v e  t o  t h e  p e l v i s .  No c o n t r a s t  media o r  
s p e c i a l  t a r g e t i n g  techn iques were used. The r a d i o g r a p h i c  system 
was des igned f o r  o b t a i n i n g  16 mm m o t i o n - p i c t u r e  f i l m  da ta  a t  1000 
frames p e r  second, b u t  f o r  normal j o i n t  mot ion ,  t h e  system was 
ope ra ted  a t  64 frames p e r  second w i t h  a  16  mm m o t i o n - p i c t u r e  cam- 
e r a .  The x - r a y  source  was a  s p e c i a l l y  m o d i f i e d  x - r a y  genera to r  t o  
produce smoothed d-c x - r a y  r a d i a t i o n  f o r  h igh-speed photogran- 
m e t r i c  work. The s u b j e c t  was rad iog raphed  p o s t e r i o r - a n t e r i  o r  o n t o  
a  25 cm by 25 crn x - r a y - t o - l i g h t  conve rs ion  screen c o n s i s t i n g  o f  
c a l c i u m  t u n g s t a t e .  The x-ra,y image on t h e  f l u o r e s c e n t  screen i s  
imaged on to  t h e  photocathode o f  a  v e r y  h i g h  ga in ,  4 -s tage,  mag- 
n e t i c a l  l y  focused image i n t e n s i f i e r  tube.  The o u t p u t  phosphor 
image was photographed by  t h e  blilli ken m o t i o n  p i c t u r e  camera w i t h  
l e n s  s e t t i n g  o f  f .  95, c o n t a i n i n g  Eastrnan Double-X n e g a t i v e  h i g h -  
speed m o t i o n  p i c t u r e  f i l m ,  ASA 2g0. T h i s  was developed i n  Acu- 
f i n e  a t  2 0 ' ~  f o r  5  minutes .  The system i s  capab le  o f  r e s o l v i n g  
0 .5  mm a t  80% c o n t r a s t .  R a d i a t i o n  exposure a t  t h e  s k i n  sur face o f  
t h e  o r d e r  o f  109-mi l  1  i r o e n t g e n s  f o r  a  1  -second sequence o f  frames, 
f o r  2.5 mm o f  i n h e r e n t  e q u i v a l e n t  aluminum f i l t r a t i o n .  
2.2.2 CAM1 Ins t rumen ta  t i o n .  The equipment used t o  measure 
landmarks on t h e  o s t e o l o g i c a l  specimens c o n s i s t s  o f  a  t a b l e t  
d i g i t i z e r  and desk top computer ( F i g u r e  4) .  T h i s  system was mod- 
i f i e d  by  a t t a c h i n g  a  d iag raph  t o  t h e  d i g i t i z i n g  c u r s o r  so t h a t  t h e  
d i a g r a p h ' s  n e e d l e - p o i n t  i s  cen te red  v e r t i c a l  l y  above t h e  c ross -  
h a i r s  of t h e  c u r s o r  a t  a l l  t imes.  A p o t e n t i o n i e t e r  on t h e  d i a -  
graph r e g i s t e r s  t h e  h e i g h t  o f  t h e  n e e d l e - p o i n t  above t h e  t a b l e t  
and p rov ides  c o o r d i n a t e  da ta  on an a x i s  p e r p e n d i c u l a r  t o  t h e  tab -  
l e t  p lane.  A p e l v i c  specimen i s  suspended o v e r  t h e  board  i n  a  
p o s i t i o n  a l l o w i n g  access t o  a l l  o f  t h e  landmarks on t h e  bone. 
The measurement space i s  r e s t r i c t e d  t o  app rox ima te l y  a  40cm x  
35cm cube w i t h i n  wh ich  t h e  p e l v i s  must  remain movable d u r i n g  t h e  
measurements. The diagraph i s  maneuvered within th i s  space so 
that  the needle i s  in contact with a landmark. A s ignal ,  ac t i -  
vated on the cursor, registers  in the computer the x-y-z coordin- 
a tes  of the landmark in relat ion to  an origin on the t ab le t .  The 
spatial  location of each landmark i s  l a t e r  transformed into an 
anatomical axis system defined b y  landmarks on the pelvis. Re- 
peated calibrat ion runs on  t e s t  specimens reveal an average re- 
t 
peatabil i ty within - 0.5  mm on known point-to-point l inear  dis- 
tances. 
In order to  locate the approximate center of the femoral 
head re la t ive  to the pelvic specimen, a ser ies  0.f luc i t e  hemi- 
spheres were constructed. These hemi spheres are center-dri 11 ed 
and marked with two orthogonal axes passing through the center. 
To obtain the closest  possible f i t  in the acetabulum of each spec- 
imen (male and female), the hemispheres were constructed in 2 . 5  
mm increments ranging from 30 cm to 60 cm in diameter. During 
the measurement procedure, the appropriate hemisphere i s  f i t t e d  
to each pelvic specimen and i t s '  center i s  located in three- 
dimensional space. 
Figure 4 .  Photograph of measurement instrumentation a t  CAM1 . 
3. PHASE I 1  RESEARCH RESULTS 
3.1 -...- I n v e s t i g a t i o n s  i n v o l v i n g  f r e s h  cadavers a t  HSRI . 
There a re  t h r e e  areas o f  i n v e s t i g a t i o n  ou t1  i n e d  f o r  f r e s h  
cadaver s u b j e c t s .  They a re :  
1  ) What landmarks ( s u r f a c e  and/or  s k e l e t a l  ) a r e  s u i t a b l e  
f o r  th ree-d imens iona l  d e s c r i p t i o n  o f  t h e  body p o s i t i o n  and mobi 1  - 
i t y  and subsequent ly  what i s  t h e  geomet r i ca l  r e l a t i o n s h i p  between 
t h e  i n t e r n a l  s k e l e t a l  landmark and t h e  cor respond ing e x t e r n a l  
1  an dmar k? 
2 )  Which landmarks shou ld  be used t o  d e f i n e  t h e  secondary 
and t e r t i a r y  th ree-d imens iona l  C a r t e s i a n  c o o r d i n a t e  axes systems? 
3) Where does t h e  body move and how shou ld  t h i s  movement 
be modeled such t h a t  i t  i s  i n  a  fo rma t  t h a t  i s  compa t ib le  w i t h  
p r e d i c t i v e  s t a t i s t i c s ?  
The r e s u l t s  o f  o u r  i n v e s t i g a t i o n  a t  HSRI w i l l  t h e r e f o r e  be 
r e p o r t e d  w i t h i n  t h e  c o n t e x t  o f  how these  ques t i ons  were addressed 
a t  HSRI and a r e  i n tended  t o  r e n r e s e n t  a  method01 ogy r a t h e r  t han  
expe r imen ta l  r e s u l t s .  
3.1.1 S u r f a c e - i n t e r n a l  landmark c o r r e l a t i o n  i n v e s t i g a t i o n .  
The cadaver was p l a c e d  i n  a  sup ine  p o s i t i o n  on t h e  x - r a y  t a b l e  and 
landmarks (Appendix D )  were marked on t h e  s k i n  w i t h  l e a d  c rosses.  
The landmarks, r i g h t  and l e f t  a n t e r i o r  s u p e r i o r  i l i a c  sp ine ,  sym- 
phys ion ,  r i g h t  and l e f t  p u b i c  t u b e r c l e s  and t h e  r i g h t  g r e a t e r  t r o -  
chan te r  o f  t h e  femur, were taped i n  p l a c e  and t h e  f i r s t  s t e r e o - p a i r  
was then ob ta ined .  Flext, w i t h o u t  moving t h e  body, t h e  markers 
were removed; s k e l e t o n  exposed a t  t h e  approximate 1  andmark 1  oca- 
t i o n ;  and t h e  l e a d  marker was g lued  t o  t h e  s k e l e t o n  w i t h  a  
methy l  - 2  c y a n o a c r y l a t e  adhesive.  The i n c i s i o n  was c l o s e d  and a  
second s t e r e o - p a i  r was o b t a i n e d  t o  de termine t h e  s p a t i a l  r e l a t i o n -  
s h i p  between co r respond ing  i n t e r n a l  and e x t e r n a l  landmarks. I n  
add i  t i  on t o  t h e  above 1  andmarks, two more markers were g l  ued t o  
the greater trochanter. In the case of subject 06 ,  a small nail 
was driven into the head of  the femur and for subject 07 two small 
nails were driven into the head of  the femur (Figure 5 ) .  These 
markers were placed on the femur t o  provide comparative paths of 
motion a t  a s i t e  closer t o  the traditional location of the hip 
joint center rotation. 
After taking the anterior-posterior s tereo-radiographs for 
investigating landmarks on the ventral side,  the cadaver was then 
placed in a prone position and a similar procedure was followed t o  
investigate landmarks on the dorsal side. The three landmarks 
were one each over the right and l e f t  posterior superior i l i a c  
spines (PSIS) and one on a l ine passing through the right and 
l e f t  PSIS landmarks overlying the middle of the spinal column. 
A posterior-anterior stereo-radiographi c pair of x-rays were ob- 
tained of these three landmarks which also includes the landmarks 
in s i tu  on the ventral side. Next, internal landmarks were ex- -- -
posed by dissection and lead markers were placed on the dorsal 
skeletal landmarks. These landmarks, the dorsal spine of the 
f i f t h  lumbar vertebra, right and l e f t  posterior superior i l  iac 
spines, and the f i r s t  dorsal spine of  the sacral body. The in- 
cisions were closed and a stereo-pair was obtained thereby con- 
cluding this  section of the investigation. 
The three-dimensional Cartesian coordinates for each land- 
mark are located relative t o  the secondary axis system defined by 
the skeletal landmarks--right and l e f t  anterior superior i 1 iac 
spines and symphysion. The axis system i s  defined by a 1 ine 
passing through the right and l e f t  anterior superior i l i a c  spines 
for the "y-axis" ; the "z-axis" passes through Symphysion a n d  i s  
perpendicular t o  the "y-axis"; the "x-axis" i s  a normal t o  the 
"y-z plane" and i t  passes through the point of intersection of  
the y- and z-axes. The origin of the secondary axis system i s  
F igu re  5. Photocopy of rad iog raph  showing landmarks i n  t h e  
h i p  r e g i o n  of s u b j e c t  07. 
d e f i n e d  b y  t h e  i n t e r s e c t i o n  o f  t h e  t h r e e  o r thogona l  axes. T h i s  
r i gh t -handed  a x i s  system has i t s '  +x d i r e c t i o n  from p o s t e r i o r  t o  
a n t e r i o r ,  +y d i r e c t i o n  f rom r i g h t  l a t e r a l  t o  l e f t  l a t e r a l ,  and 
+z  d i r e c t i o n  f rom i n f e r i o r  t o  s u p e r i o r .  
O p e r a t i o n a l l y ,  t h i s  s k e l e t a l  a x i s  system i s  n o t  p r e s e n t  i n  
t h e  f i r s t  s t e r e o - p a i r  o b t a i n e d  o f  t h e  v e n t r a l  s u r f a c e  landmarks. 
S ince  t h e  cadaver i s  n o t  moved between s t e r o - p a i r s  o f  t h e  e x t e r -  
n a l  and i n t e r n a l  landmarks on t h e  v e n t r a l  s i d e ,  t h e  e x t e r n a l  
landmark l o c a t i o n s  can be t rans fo rmed  l a t e r  i n t o  t h e  s k e l e t a l  
a x i s  system c o o r d i n a t e s  d e f i n e d  i n  t h e  second s t e r e o - p a i r  ob- 
t a i n e d .  F i g u r e  6 i l l u s t r a t e s  t h e  d e f i n i t i o n  o f  t h e  v e c t o r  and 
d i r e c t i o n  ang les .  The da ta  i n  Tab le  4 a r e  p resen ted  i n  c e n t i m e t e r s  
d i s t a n c e  f rom t h e  i n t e r n a l  t o  t h e  e x t e r n a l  landmark and d i r e c t i o n  
degrees o f  t h e  v e c t o r  i n  t h e  s k e l e t a l  a x i s  system d e s c r i b e d  
above. The m id -sp ine  d o r s a l  landmark i s  t h e  o n l y  case i n  wh ich  
t h e r e  i s  o n l y  one e x t e r n a l  s u r f a c e  landmark l o c a t e d  r e l a t i v e  t o  
two i n t e r n a l  s k e l  e t a 1  1  andmarks. 
Upon comp le t i on  o f  a l l  measurements on each cadaver,  t h e  
a p p r o p r i a t e  s k e l e t a l  m a t e r i a l  w i t h  markers s t i l l  g l u e d  r i g i d l y  i n  
p l a c e  on t h e  boney f e a t u r e  was e x c i s e d  f rom t h e  cadaver.  These 
bones w i t h  markers i n  p l a c e  w i l l  be  compared t o  those used i n  t h e  
CAM1 p e l v i c  s t u d y  t o  i n s u r e  comparabi 1  i ty  o f  landmark d e f i n i t i o n .  
3.1.2 I n v e s t i g a t i o n  o f  r e l a t i v e  segment m o t i o n  a t  
t h e  h i p  j o i n t .  -- The t o t a l  l e g  o f  each cadaver was s e q u e n t i a l l y  
p o s i t i o n e d  t o  produce mot ion  a t  t h e  h i p  j o i n t .  Stereo-radiographs 
were o b t a i n e d  o f  t h e  h i p  j o i n t  as t h e  t o t a l  l e g  was moved i n  
increments  o f  10' t o  30' a n g u l a r  d isp lacement  o f  t h e  t o t a l  l e g .  
An e f f o r t  was made t o  move t h e  l i m b  i n  t h e  a p p r o p r i a t e  c a r d i n a l  
p l a n e .  There fore ,  f o r  t h e  m o t i o n  o f  abduct ion- .adduct ion ,  t h e  
l i m b  movement was r e s t r i c t e d  p r i m a r i l y  t o  t h e  f r o n t a l  p lane .  
Limb movement was r e s t r i c t e d  p r i m a r i l y  t o  t h e  t r a n s v e r s e  p l a n e  
Figure 6. Schematic diagram o f  internal-external land- 
mark geometry within the pelvic axis system. 
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f o r  i n t e r n a l - e x t e r n a l  r o t a t i o n  o f  t h e  h i p  j o i n t ,  and l i m b  move- 
ment was r e s t r i c t e d  p r i m a r i l y  t o  a  p a r a - s a g i t t a l  p l a n e  f o r  f l e x i o n -  
e x t e n s i o n  o f  t h e  h i p  j o i n t .  Thus, femur m o t i o n  was n o t  w e l l  con- 
t r o l l e d  i n  a l l  p lanes d u r i n g  a  p a r t i c u l a r  mot ion .  
As o u t l i n e d  i n  t h e  I n t e r i m  Report ,  segment mo t ion  o f  t h e  
t h i g h  r e l a t i v e  t o  t h e  p e l v i s  shou ld  be measured by t r a c k i n g  a  
movi ng th ree-d imens iona l  C a r t e s i a n  c o o r d i n a t e  frame o f  re fe rence  
( t e r t i a r , ~  a x i s  system) based on t h r e e  landmarks def ined on t h e  
femur r e l a t i v e  t o  a  f i x e d ,  unmoving frame o f  r e f e r e n c e  i n  t h e  
p e l v i s  (secondary a x i s  sys tem) .  The a x i s  s,ystem f o r  t h e  t h i g h  
shou ld  be d e f i n e d  b,y t h r e e  landmarks on t h e  femur as f a r  a p a r t  
from each o t h e r  as p o s s i b l e .  However, s i n c e  t h e  d i s t a l  end o f  
t h e  femur and t h e  s u p e r i o r  s u r f a c e  o f  t h e  p e l v i s  were n o t  b o t h  
v i s i b l e  i n  a  14" x  17" r a d i o g r a p h i c  f i l m  fo rmat ,  t h r e e  landmarks 
on t h e  g r e a t e r  t r o c h a n t e r  were chosen. As an i n d i c a t i o n  o f  
measurement e r r o r ,  f o r  t hese  landmarks t o  be used i n  c o n s t r u c t i n g  
an a x i s  system, t h e  average area w i t h i n  t h e  t r i a n g l e  de f i ned  by  
t h e  t h r e e  p o i n t s  i n  a l l  s t e r e o - p a i r s  was computed f o r  s u b j e c t s  
04, 06, and 07. The area va lues ,  2.021, 0.656, and 1.400 cm 2 
r e s p e c t i v e l y ,  a r e  sma l l  i n d i c a t i n ~  t h a t  t h e  magnitude o f  t h e  
q u a n t i t i e s  approaches t h e  magni tude o f  t h e  measurement e r r o r  d i s -  
cussed i n  a  p reced ing  s e c t i o n .  The r e s i d u a l  o f  t h e  d i f f e r e n c e  
between t h e  average and each i n d i v i d u a l  a rea v a l u e  were reg ressed  
a g a i n s t  t h e  p o s i t i o n  o f  t h e  t h i g h  d e f i n e d  as t h e  p o s i t i v e  and 
n e g a t i v e  r a d i a n s  e i t h e r  s i d e  o f  the i n i t i a l  s t a r t i n g  p o s i t i o n  i n  t h e  
approx imate  anatomica l  p o s i t i o n .  The r e s u l t s  o f  t h i s  a n a l y s i s ,  
p resen ted  i n  Tab le  5, i n d i c a t e  t h a t  measurement e r r o r  o f  t h e  
mo t ion  i n  t h e  s a g i t t a l  and f r o n t a l  p lanes appear t o  be g e n e r a l l y  
random, b u t  t h e r e  appears t o  be a  sma l l  sys temat i c  e r r o r  i n  t h e  
measurement o f  these p o i n t s  moving i n  t h e  t r a n s v e r s e  p lane .  
The c o o r d i n a t e  da ta  f o r  each t a r g e t  on each cadaver sub- 
TABLE 5 
S t a t i s t i c a l  a n a l y s i s  o f  e r r o r  i n  
t rochan te r  landmarks ' l o c a t i o n .  
Pr imary Plane o f  mot ion N Regression S E 11 
S a g i t t a l  ( F l e x i o n )  13 y =  . 0 0 3 x +  .072 0.156 .013 
F ron ta l  (Abduct ion) 19 y =  , 0 0 8 x t  .043 0.167 .012 
Transverse (Ro ta t i on )  19 y  = .019x + .089 0.130 .449 
j e c t  i s  p resen ted  i n  Tables 6-8 .  Measurements were o b t a i n e d  on 
t h e  l e f t  s i d e  f o r  s u b j e c t  04 and on t h e  r i g h t  s i d e  f o r  s u b j e c t s  
06 and 07. These c o o r d i n a t e  data  a r e  a l l  l o c a t e d  i n  t h e  secondayy 
a x i s  system d e f i n e d  i n  t h e  p e l v i s  by t h e  r i g h t  and l e f t  a n t e r i o r  
s u p e r i o r  i l i a c  sp ines  and symphysion. As t h e  ~ r o j e c t  p rogressed 
f rom s u b j e c t  04 t o  07, o t h e r  landmarks were added u n t i l  i n  t h e  
l a s t  s u b j e c t  (07 )  seventeen landmarks were i n  p l a c e  on t h e  s k e l e -  
t o n  f o r  each s t e r e o - r a d i o g r a p h  f o r  t h e  n o t i o n  s t u d i e s ,  
The three-d imens iona l  C a r t e s i a n  c o o r d i n a t e s  a r e  ex t rerne lv  
d i f f i c u l t  t o  i n t e r p r e t  i n  t h e i r  d i g i t a l  form. There fo re ,  p l o t s  
were genera ted by  computer i n  o r d e r  t o  v i s u a l  i z e  t h e  p r o j e c t e d  
p a t h  o f  mo t ion  o f  t h e  femur r e l a t i v e  t o  t h e  secondary a x i s  system 
f o r  a1 1 s u b j e c t s .  The p r o j e c t e d  p a t h  o f  T r o c h a n t e r i o n  f o r  
f l e x i o n - e x t e n s i o n  i n  t h e  s a g i t t a l  ( x - y )  p l a n e  i s  p l o t t e d  i n  
F i g u r e  7. The same p o i n t  f o r  abduc t ion -adduc t ion  i s  p l o t t e d  i n  
t h e  f r o n t a l  p lane  p r o j e c t i o n  (y-z p l a n e )  i n  F i g u r e  8; and f o r  
i n t e r n a l  - e x t e r n a l  r c t a t i o n  o f  mo t ion ,  t h e  p o i n t  i s  seen p r o -  
j e c t e d  i n  t h e  T ransve rse  p l a n e  ( x - y  p l a n e )  i n  F i g u r e  9, A  p r e -  
l i m i n a r y  v i s u a l  i n s p e c t i o n  of  t h e  d a t a  appears t o  suggest  t h a t  a  
b a l l - a n d - s o c k e t  model w i l l  e x p l a i n  some of t h e  m o t i o n  c h a r a c t e r -  
i s t i c s  i n  t h e s e  p l o t s .  S ince  t h e  femur was n o t  r e s t r i c t e d  t o  
mo t ion  about  a  s i n g l e  a x i s ,  t h e  p r o j e c t e d  paths  i n  F i g u r e  7-9 
r e f l e c t  t h e  t o t a l  m o t i o n  i n  t h e  h i p  f o r  t h e  s i x  k i n e m a t i c a l  
degrees of freedom. 
C i n e r a d i o g r a p h i c  f i l m s  of  t h e  h i p  j o i n t  d u r i n g  f l e x i o n  and 
abduc t ion  o f  t h e  t h i g h  s u p p o r t  t h i s  model as a  reasonab le  f i r s t  
app rox ima t ion  of  t h e  h i p  j o i n t .  F igu res  10a-10n p r o v i d e  a  sample 
o f  s e l e c t e d  s t i l l  photographs made from t h e  abduc t ion  sequence i n  
wh ich  t h e  femur appears t o  r o t a t e  about  a t  l e a s t  two axes pass ing  
th rough  t h e  h i p  j o i n t .  These c ine rad iog raphs  suggest  t h a t  t h e  
complete t h r e e  d imens iona l  k i n e m a t i c  d e s c r i p t i o n  o f  t h e  h i p  j o i n t  
TABLE 6 
3-D a n t h r o p o m e t r y  f o r  s u b j e c t  0 4  i n  
x - r a y  s t e r e o - p h o t o g r a m m e t r y  s t u d y  
( v a l u e s  i n  cm r e l a t i v e  t o  s e c o n d a r y  a x i s  s y s t e m )  
SUBJECT 0 4  
ADDUCTION - ABDUCTION 
( o f  l e f t  l e g )  










RT PUBIC X 
TUBEROSITY Y 
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TABLE 6 ( c o n ' t )  
FLEXION 
(o f  l e f t  l e g )  
SYMPHYSION X 0.00 0.00 
Y 0.00 0.00 
Z -8.14 -8.17 
RT PUBIC X 0.19 0.07 
TUBEROSITY Y -3.00 -3.53 
Z -8.82 -8.81 
LT PUBIC X 0.26 0.15 
TUBEROSITY Y 2.03 1.66 
Z -8.92 -8.92 
MEDIAL X -7.11 -6.52 
TROCHANTER Y 15.85 14.41 
Z -9.79 -10.59 
LATERAL X -8.62 -8.10 
TROCHANTER Y 13.95 13.04 
Z -9.28 -10.56 
SUPERIOR X -7.48 -7.47 
TROCHANTER Y 14.34 12.84 
(TROCHANTERION) Z -7.81 -8.70 
TABLE 6 (con't) 
SUBJECT 04 
ROTATION 





30 O 60" 
SYMPHY SION X 0.00 0.00 
Y 0.00 0.00 
Z -8.04 -8.01 
RT PUBIC X 0.23 0.11 
TUBEROSITY Y -3.06 -2.99 
Z -8.76 -8.74 
LT PUBIC X 0.27 0.51 
TUBEROSITY Y 1.90 1.88 
Z -8.84 -8.73 
MEDIAL X -10.53 -7.77 
TROCHANTER Y 15.76 13.96 
Z -9.35 -8.93 
LATERAL X -9.45 -6.21 
TROCHANTER Y 17.09 15.24 
Z -9.84 -9.37 
SUPERIOR X -9.35 -6.X) 
TROCHANTER Y 15.63 13.94 
(TROCHANTERION) z -7.81 -7.47 
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3 - 0  anthropometry f o r  subject 0 7  i n  x-ray stereo-photogramnetry study 
(values in cm re lat ive  t o  secondary ax i s  system) 
SUBJECT 07 
ABDUCTION 
(o f  r ight  l eg  
RT A S I S  X 
Y 
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TABLE 8 ( c o n ' t )  
SUBJECT 0 7  
ABDUCTION ( c o n ' t )  




SUP. N A I L  X 
HEAD Y 
7 
SUP. NAIL  X 
POINT Y 
z 
INF. N A I L  X 
HEAD Y 
z 
INF. N A I L  X 
PO I NT Y 
z 
RT P S I S  X 
Y 
LT  PSIS  X 
Y 
z 
L5 DORSAL X 
SPINE Y 
S1 DORSAL X 
SPINE Y 
z 
000  O ~ O  o o m  o w m  -ah  e a r n  m e 0  o m m  0 - 0  
o 990  oyo  9 0 7  ? O ~ C U ~  ~ w y  -.?? m.\y m e -  * . .  
h ozo o z o  0 6 m  - m e   ON^  ON^ y e w  w e w  m m w  
I l l  I I I - 1  - 1 - 1  
I I I 1 
o r n o  o w 0  00 -  m e *  m h ~  - a m  eee  m w -  ~ m m  
K 9 \ ?  ON,? CJO? 777 7N.y ~ h r n  . . , m,Oqy L n W -  0 -0  . . .  . . 
e O N O  o m o  o o m  - o e  O N Q  o ~ m  m e   em w m e  
7 - 1 1 1  I I I I F 1  1 - 1  1 - 1  
I I I I 
0 0 0  O ~ O  O N  - h m   we m h m  m m o  N - m  N O W  
0 90.0. 9 9 1  99: W N -  . , , N.?? q w . 1  m - N  w w c o  
0 
m  0 2 0  o m o  o o m  r o e  O N -  o ~ m  w e m  G G G  < & A  
7 1 1 1  I I I 1 - 1  1 - 1  1 - 1  
I I I I 
o m o  o w o  o o o  w m w  w w ~  - m a  N ~ W  w m h  
o 090  0-0  o o ?  m o y  NN- m h m  w m e  ~ F N  m h h  
. . #  . . .  . . .  . . .  . . .  . . .  
N 020 o m 0  o o m  o o e  O N -   ON^ m u m  h m m  m m m  - 1 1 1  I I I 1 - 1  1 - 1  1 - 1  
I I I I 
o w 0  000  o o m  - o h  m m m  e m o  e h w  o e e  ~ W N  
o ?W,O, ?"a, ?a,? 9 -e  . . 9"l 99": 1109 t"3 d;?? 
r O N O  o m o  o o m  - o e  ONLO O N W  m m e  m m e  ~ N N  
? 7 I I I I l l  I I 1 - 1  1 - 1  1 - 1  
I I I I 
o w 0  o m 0  o o m  e m -  m a w  w m o  --- O N O  W O W  999 9-0  9 9 1  Cn?? yy-, Th.9 ye.2 - a h  . . . . . ? t 7  
o o m 0  0 2 0  o o m  o o b  O N W  O N W  m m m  o m a  mcum - 1 1 1  I I 
I 
I 1 - 1  7 - 1  1 - 1  
I I I I 
L > > w  w  r x  
Z W W 
W W  
2 t; t; C t U C  2 w m  o m  o m  Z C Z
lA Z W Z U  
> 
x m z  m w  -19 E 4 Z  
a 
:% i E  2; sgn 
r 
>- a* 3 3 w  I-- a w c  
lA 3 &I- c c  lA -1 z IA'- 5'- Lo =+- 
TABLE 8 ( c o n ' t )  
SUBJECT 07 
FLEXION ( c o n ' t )  
(of r i g h t  l e g )  
SUP. N A I L  
HEAD 
SUP. N A I L  
PO I NT 
I N F .  N A I L  
HEAD 
INF.  N A I L  
PO I NT 
RT P S I S  
L T  P S I S  
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Figure 7. Path of Trochanterion relative to pelvic axis system 
during hip flexion in the sagit tal  plane for subjects 
04 and 07. 
Figure 8. Path of Trochanterion relative t o  pelvic axis system 
during hip abduction in the frontal plane for subjects 
04, 06 and 07. 
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F i g u r e  9. Path of T r o c h a n t e r i o n  r e l a t i v e  t o  p e l v i c  
a x i s  system d u r i n g  h i p  r o t a t i o n  i n  t h e  
t r a n s v e r s e  p l a n e  f o r  s u b j e c t s  04, 06 and 07. 
F igure  10a-n. Sequent ia l  photographs o f  every  f i f t h  frame 
f rom a c ine rad iog raph ic  f i l m  o f  h i p  abduct ion 
f o r  s u b j e c t  07. 
F igure  10 (cont inued)  
F igure  10 (cont inued) 
i s  needed. The t r ans l a to ry  motion of the femur may be la rge  
enough so t h a t  i t  must be accounted f o r  in measurements t o  
provide a  sa t i s f ac to ry  basis  f o r  predic t ive  modeling of hip j o i n t  
motion. This wil l  be a  pa r t i cu la r ly  important parameter f o r  
simulations of h i g h  accelerat ion envi ronments where segment 
"stops" a re  more a  r e s u l t  of environmental geometry than bio- 
logical function. 
Figure 10 (continued) 
3.2 I n v e s t i g a t i o n s  i n v o l v i n g  s k e l e t a l  m a t e r i a l  a t  C A M I .  
3.2.1 S k e l e t a l  v a r i a t i o n  i n  anatomica l  landmark l o c a t i o n .  
The da ta  o b t a i n e d  f rom o s t e o l o g i c a l  measurements a t  C A M I  a r e  p r i -  
m a r i l y  r e l a t e d  t o  quest ions  concern ing " s t a b i l i t y "  o f  landmarks 
and t h e  use o f  anatomica l  landmarks f o r  a x i s  system d e f i n i t i o n .  
Schematic drawings o f  t h e  landmarks on t h e  sacrum (F igu res  11 -1 4 )  
and innominate  (F igu res  15-21 ) bones i l l u s t r a t e  t h e  t o t a l  spec- 
t rum o f  landmarks whose three-d imens iona l  c o o r d i n a t e  l o c a t i o n  i s  
measured. Only  a  smal l  number o f  these landmarks w i l l  be u t i -  
1 i z e d  by  Systems Anthropometry s i n c e  many o f  them do n o t  meet t h e  
requ i rements  of body sur face p a l p a b i l i t y  and p o s s i b l y  do n o t  rep- 
r e s e n t  f u n c t i o n a l  b i o l o g i c a l  f e a t u r e s .  However, a l l  o f  t hese  
landmarks a r e  needed t o  p r o v i d e  a  geometr ic  d e s c r i p t i o n  o f  t h e  
shape of t h e  p e l v i s  f o r  man ik in  des ign  w h i l e  t h e  1  i m i  t e d  number 
r e p o r t e d  upon i n  t h i s  s e c t i o n  w i l l  p robab ly  be s u f f i c i e n t  t o  de- 
s c r i b e  the  p o s i t i o n  and s i z e  of t h e  p e l v i s  f o r  computer s imula-  
t i o n s .  
The p e l v i c  landmarks wh ich  d e f i n e  t h e  a x i s  system f o r  t h i s  
i n v e s t i g a t i o n  are, as i n  t h e  HSRI cadaver data,  t h e  r i g h t  and 
l e f t  a n t e r i o r  s u p e r i o r  i l i a c  sp ines (ASIS) and symphysion. The 
data  presented i n  Table 9 and p l o t t e d  i n  F igu res  22 and 23 have 
been l o c a t e d  r e l a t i v e  t o  a  c o o r d i n a t e  system based on these t h r e e  
landmarks. These landmarks used t o  d e f i n e  t h e  secondary a x i s  
system a r e  p a l p a b l e  on t h e  s u r f a c e  o f  t h e  body, b u t  t h e  degree t o  
which they  can be a c c u r a t e l y  l o c a t e d  remains as an unanswered 
quest ion .  Symphysion i s  n o t  a  s k e l e t a l  p o i n t  s i n c e  i t  l i e s  on 
t h e  s u p e r i o r  edge of t h e  pub ic  symphysis (a  c a r t i l a g e n o u s  p l a t e ) .  
Thus, ano the r  landmark m i g h t  be i d e n t i f i e d  wh ich  i s  a  p a l p a b l e  
s k e l e t a l  fea ture ,  m a i n t a i n s  geometr ic  s t a b i l i t y ,  and can be 
a c c u r a t e l y  def ined w i t h i n  t h e  c o n t e x t  of b i o l o g i c a l  f u n c t i o n  and 
p o p u l a t i o n  v a r i a b i l i t y .  
Prornontorion 
S1 Center 
Scyrncnt Union Points  
Caudion, Ar~ te r lo r  
1 s t  Sacra l  Body, Pos t e r io r  
Sacra l  Cdnol, Supero-an t c r l o r  t ' loor 
Sacra l  Cai:al, Anterior Hoof 
Sacra l  S l ~ i n c ,  S 1  
Sacra l  ! ; [~ inc ,  ! ; 2  
Sacra l  S p i r ~ e ,  $3  
Sacra l  C ~ n a l ,  Pos t e r lo r  Fccf 
Sacra l  Canal, 1n:cro-anterior Floor 
Caudion, Pos t e r io r  
Sacra l  Canal, Wall 
F i g u r e  1 1  P r o j e c t e d  s c h e m a t i c  of s a c r u m  s h o w i n g  m i d l i n e  l a n d m a r k s .  
1 s t  Sacra l  Body, Pos t e r io r  
Sacra l  Canal, Anterior Roof 
Sacra l  Spine,  S l  
Sacra l  Spine,  S2 
Sacra l  Spinc,  S3  
Sacra l  Canal, Pos t c r io r  Roof 
Caudion, Pos t e r io r  
Sacra l  Canal, Wall 
Pos t e r io r  Ali8r-Auricular Point 
La te ra l  Alar-Auricu1,lr Point 
Anter ior  Alar-Auricular Point 
I t i f c r io r  Sacl-0-1 l i a c  Junction 
I n f e r i o r  Sacrill Anole 
Caudion, LaLcrdl 
Superior Auricular Facet 
Pos t e r io r  Sacra l  Tubercle 
F i g u r e  1 2  P o s t e r i o r  v i e w  o f  s a c r u m  s h o w i n g  m i d l i n e  and l a t e r a l  
l a n d m a r k s .  
Promontorion 
S1 Center 
Segment Union Points 
Caudion, Anterior 
1st Sacral Body, Posterior 
Caudion, Posterior 
1st Sacral Body, Lateral 
Posterior Alar-Auricular Point 
Lateral Alar-Auricular Point 
Anterior Alar-Auricular Point 
Mid-Alar-Auricular Point 
Inferior Sacro-Iliac Junction 
Inferior Sacral Anglo 
Caudion, Lateral 
Figure 1 3  Anter ior  view of sacrum showing midline and l a t e r a l  
landmarks. 
33 Sacro-Iliac Midpoint 
34 Superior Pole 
35 Inferior Pole 
36 Supcrior Lobe, Superior Margin Mi.dpoint  
37 Superior Lobe, Inferior Margin Midpoint 
38 Inferior Lobe, Anterior Margin 
39 Inferior Lobe, Posterior Margin 
F i g u r e  14 Schematic view of s a c r o - i l i a c  j o i n t  sur face  showing 
landmarks. 
\\ 05 Iliospinale, Antero-superior 
06 Iliospinale, Crest 
07 Iliocristale, Antero-lateral 
08 Anterior Segment Midpoint, Lateral 
09 Anterior Segment Midpoint, Medial 
10 Iliocristale, Smnwn 
11 Posterior Segment Point, Anterior Lateral (1st) 
12 Posterior Segment Point, Anterior Medial (1st) 
13 Iliocristale, Postero-medial 
rC16 14 Posterior Segment Point, Intermediate Lateral (2nd) 
15 Posterior Segment Point, Intermediate Medial (2nd) 
1 8  f: 
Posterior Seyment Point, Posterior Lateral (3rd) 
Posterior Segment Point, Posterior Medial (3rd) - ,  
18 ~liocristale; Posterior 
19 Iliospinale, Postero-superior 
Figure 1 5  Lateral  view of i l i a c  credt  showing landmarks. 
Anterior Iliac Notch Point 
Iliospinale, Antcro-Inferior 
Anterior Iliac Rase Point 
Posterior Iliac Notch Point 
Iliospinnlo, Postero-inferior 
Bouisson Tubcrc le  
Superior Sciatic Notch Point 
Apex of Sciatic Notch 
Anterior Sciatic Notch Point 
1 6  Lateral  view of innominate showing an te r io r  and 
pos ter ior  i l i a c  border landmarks. 
29 A n t e r i o r  A u r i c u l a r  P o i n t  
30 P o s t e r l o r  I n l e t  P r l n t  
31 I n t e n n c ? d i a t e  I n l e t  P o l n t  
32 A n t e r i o r  I n l e t  P o l n t  
F i g u r e  1 7  Medial  view of  innomina te  showing p e l v i c  i n l e t  landmarks.  
P u b i c  Eminence P o i n t  
A n t e r i o r  P u b i c  Rslrr~us P o i n t  
S u p e r l o r  P u b i c  Hamus P o i n t  
I n f e r i o r  Pubic Hamus P o i n t  
P u b o t u b e r c l c  
Su l , e r ' l o r  :;j??)~i~y::ca! P o l e  
l n f e x i o r  S>7nphyr,rai P o l e  
A n t e r i o r  Synphysci i l  P o i n t  
P o t i t e r i o r  Synphynea l  P o i n t  
F i g u r e  1 8  Medial  view of pub i s  showing landmarks.  
53 Acetabulum,  A n t e r i o r  
54 H-Polnt (Not  showri) 
55 A c e t a b u l a r  C e n t e r  P o i n t  
56 Acetabulum,  S u p e r i o r  
57 Acetabulum,  P o s t e r i o r  
58 Acetabulum,  I n f e r i o r  
F i g u r e  19  Lateral view of acetabulum showing landmarks. 
59 S u p e r i o r  I s c h i a l  I n n e r  S u r f a c e  P o i n t  
60 I n t e r m e d i a t e  I s c h i a l  I c n e r  S u r f a c e  P o i n t  
61  I n f c r i o r  I s c h i a l  I n n e r  S u r f a c e  P o i n t  
62 S u p e r i o r  V e r t i c a l  I l i a c  F o s s a  C o n t o u r  P o i n t  
63 I n t e r m e d i a t e  V e r t l c a l  I l i a c  F o s s a  Con tour  P o i n t  
64 I n f e r i o r  V c r t i a l  I I L ~ I C  F o s s a  C o n t o u r  P o i n t  
65 L a t c r a l  A u r i c u l a r  P o i n t  
66 P o s t r : r i o r  : r a n s v a r s c  I l i a c  Fosra C o n t o u r  P o i n t  
67 I n t e r n i c d i a t e  T r a n s v e r s  I l i a c  F o s s a  Con tour  P o i n t  
68 A n t e r i o r  T r a n s v e r s e  I l i a c  Pons. C o n t o u r  P o i n t  
F i g u r e  20 Medial view of Innominate showing surface contour 
landmarks . 
S e q r e r ~ t  Union I70ir:t 
1 s t  S ~ C I - a 1  Rody, P(,sLcrlor 
1 ~ t  S a c r a l  Body, l . a t c r a 1  
S u r a r i o r  Tu l , ,  ro  i t y  i ' o in t  
S u 1 . ~ r i o r - n n s ~  I ' c r4 - i c  11 L2 'e ra l  
1sc l : lo - I l l a :  Cur.!c;r !,ol.r.t 
S c 1 > ~ r l o r - l n t c r r c ( i : ; i ~ c  V e r t l c a l  L a t e r a l  
1sc:hlo-I l iac Contci:r P u l n t  
Inferior-1.ntcrrrculatc l ' e r t l c n l  L a t e r a l  
I s c l ~ i u - I l j a c  Contcu;- I ' o l r ~ t  
I r , f c  1-I(,:-most Vcrti<:;tl ;:itern1 
I : : c : i l (~ - I l i~ !c  1.-nntci~: I1o~.nt 
Ant c r l o r  l ' r a n s v r r s  !.;ltaral Illac 
Surfncc Ccnto.! l ' ~ . l ! i t  
ln t t  r r i ( d l s l l  c! 'Sl 3r1s \  t ~ 1 - s  L t $ ~ r : a l  I l i a c  
S ~ l r f ~ c c  C c 8 ~ ~ t n i ~ r  1 ' ~ l n t  
P o s t e r l o r  T r a n s v e r s  Latera l  I l l a c  
Surfacc Contour Po in t  
Figure 21 Lateral view of Innominate showing surface contour 
landmarks.  
TABLE 9 
Summary s t a t i s t i c s  of s u b s e t  o f  
Hamann - Todd m a l e  3 - 0  p e l v i c  d a t a  
( m e a s u r e m e n t s  i n  cm. ) 
VARIABLE 
RT A S I S  
- N -  MINIMUM M4XIMUM MEAN STD. DEV. 
RT H-POINT 
L T  H-POINT 
RT I L I O C R I S T A L E ,  
SUMMUM 
L T  I L I O C R I S T A L E ,  
SUMMUM 
RT I S C H I A L E  
L T  I S C H I A L E  











F i g u r e  2 3  HAMANN-TODD MALE 3 - D  DATA PLOTTED 
R E L A T I V E  TO SECONDARY A X I S  SYSTEM 
I N  THE TRANSVERSE PLANE 
UNITS  = CM 
+ -+ Y R X I S  
-- -+ X R X I S  
+ PROMO -- x RT I S C H I  ALE 
RCETRB, H-PT RT 
+ RT I L I O C R  SUM 
x L T  I L I O C R  SUM 
z L T  I S C H I R L E  
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4. SUMMARY AND RECOMMENDATIONS 
Bas i c  resea rch  i n  Systems Anthropometry has ach ieved pro-  
g ress  i n  seve ra l  areas and we can make s e v e r a l  recommendations 
r e l a t i v e  t o  i n s t r u m e n t a t i o n  and resea rch  problems. Th i s  l a s t  
s e c t i o n  w i  11 summarize what Systems Anthropometry has accom- 
p l  i s h e d  and p r o v i d e  suggest ions  f o r  f u t u r e  research.  
4.1 Sunimary o f  Phase I 1  research.  
Research i n  Systems Anthropometry has been d i r e c t e d  towards 
deve lop ing  an expe r imen ta l  ph i l osophy ,  da ta  a n a l y s i s  methodology, 
and c o l l e c t i n g  data.  T h i s  e f f o r t  has n o t ,  t he re fo re ,  i n c l u d e d  
t h e  development o f  new equipment o r  techn iques when i t  was 
p o s s i b l e  t o  u t i l i z e  e x i s t i n g  t e c h n i c a l  c a p a b i l i t i e s .  As a  r e s u l t ,  
o u r  most s i g n i f i c a n t  r e s u l t s  have been o b t a i n e d  i n  l a y i n g  t h e  
p h i l o s o p h i c a l  f o u n d a t i o n  f o r  Systems Anthropometry.  The f o l l o w -  
i n g  l i s t  b r i e f l y  d e s c r i b e s  each of t h e  ma jo r  components i n  t h i s  
expe r imen ta l  p h i  1  osophy. 
1 )  B i o l o g i c a l  v a r i a b i l i t y  must be cons ide red  as a  s e t  o f  
p r o b a b i l i s t i c  phenomena i n  d e t e r m i n i s t i c  models. That  i s ,  t h e  
l e n g t h  o f  an anatomica l  " l i n k "  i s  de f ined by two p r o b a b i l i s t i c  
s e t s  o f  parameters:  a )  t h e  p robab le  s i z e  c o n f i g u r a t i o n  o f  a  
s k e l e t o n  i n  an i n d i v i d u a l  i n  t h e  p o p u l a t i o n ,  and b )  t h e  p robab le  
l o c a t i o n  o f  a d j a c e n t  j o i n t  c e n t e r s  o f  m o b i l i t y .  Thus, t he  pos- 
s i b l e  l e n g t h s  o f  a  bone s e p a r a t i n g  a d j a c e n t  anatomica l  j o i n t s  a r e  
d i s t r i b u t e d  i n  t h e  p o p u l a t i o n .  The same phenomenon o f  b i o l o g i c a l  
v a r i a b i l i t y  i s  a l s o  t r u e  f o r  j o i n t  cen te rs  o f  m o b i l i t y .  Thus, 
t h e  concept  o f  a  f i x e d - l e n g t h  " l i n k "  must be m o d i f i e d  t o  accep t  
a d d i t i o n a l  p robab i  l i s t i c  parameters.  
2 )  Body p o s i t i o n  and m o b i l i t y  must be cons ide red  s imul  t a -  
neous l y  i n  th ree-d imens iona l  space s i n c e  e x t r i n s i c  and i n t r i n s i c  
geomet r ies  a f f e c t  body m o b i l i t y .  That  i s ,  t h e  p o s i t i o n  o f  t h e  
body r e l a t i v e  t o  an env i ronmenta l  workspace as w e l l  as t h e  
r e l a t i v e  th ree -d imens iona l  l o c a t i o n  of each body segment w i l l  
determine t h e  e x t e n t  of body mobi 1  i t y  w i t h i n  t h e  t o t a l  g lobo-  
g raph ic  range. Thus, t he  t r a d i t i o n a l l y  independent concepts of  
body p o s i t i o n  and body m o b i l i t y  must  be cons idered toge the r .  
3 )  The da ta  c o l  l e c t i o n  and data  a n a l y s i s  methodo log ies  
must i n c o r p o r a t e  t h e  use o f  anatomica l  frames o f  r e f e r e n c e  de- 
f i n e d  b y  f u n c t i o n a l l y  s i g n i f i c a n t  landmarks. The use o f  ana- 
t o m i c a l  l y -based  C a r t e s i a n  c o o r d i n a t e  axes systems p rov ides  com- 
p a r a b i l  i t y  between s u b j e c t s  and p r o v i d e s  a  p o s s i b l e  means by  
wh ich  j o i n t  m o b i l i t y  becomes p r e d i c t a b l e .  Other  s p a t i a l  
c h a r a c t e r i s t i c s  o f  a segment, such as i t s  i n e r t i a l  p r o p e r t i e s  
must be re fe renced  t o  t h e  anatomica l  frames o f  re fe rence .  
4) F u n c t i o n a l  and s t a b l e  landmarks must be d e f i n e d  i n  
s k e l e t a l  geometry. S k e l e t a l  f e a t u r e s  p r o v i d e  t h e  b e s t  anatomica l  
landmarks f o r  k i n e m a t i c a l  research  problems s i n c e  s o f t  t i s s u e  
f e a t u r e s  a r e  m o b i l e  r e l a t i v e  t o  each o t h e r .  Thus, t h e  s k e l e t o n  
p r o v i d e s  t h e  o n l y  r i g i d ,  r e l a t i v e l y  f i x e d  landmarks s u i t a b l e  f o r  
a x i s  system d e f i n i t i o n  and m o t i o n  t r a c k i n g  t o  de f i ne  body 
p o s i t i o n  and mobi 1  i ty. 
The f o l l o w i n g  1  i s t  desc r ibes  b r i e f l y  each o f  t h e  ma jo r  
components o f  method01 ogy. 
1  ) An anatomica l  l y -based C a r t e s i a n  c o o r d i n a t e  a x i s  system 
can be d e f i n e d  r e l a t i v e  t o  t h r e e  non-co l i nea r  s k e l e t a l  landmarks 
on a  r i g i d  bone i n  t h e  ske le ton .  The t h r e e  landmarks d e f i n e  a  
p lane  f r o m  which a  normal i s  c o n s t r u c t e d  which serves t o  de f i ne  
two a d d i t i o n a l  p lanes.  
2 )  To d e s c r i b e  body p o s i t i o n  and m o b i l i t y ,  t h r e e  types o f  
axes systems a r e  necessary. The f i r s t  i s  an i n e r t i a l  frame o f  
r e f e r e n c e  t h a t  does n o t  move and i s  independent o f  t h e  human body. 
The second a x i s  system i s  a  whole-body frame o f  re fe rence  which  
corresponds approx ima te l y  t o  t h e  t r a d i t i o n a l  anatomica l  r e f e r e n c e  
system and i s  l o c a t e d  i n  t h e  p e l v i s .  When t h e  l o c a t i o n  o f  t h i s  
a x i s  system i s  s p e c i f i e d ,  t h e  genera l  o r i e n t a t i o n  of t h e  body 
r e l a t i v e  t o  t h e  i n e r t i a l  franie o f  r e f e r e n c e  i s  desc r ibed .  The 
t h i r d  t ype  o f  a x i s  system i s  a  body segment frame o f  r e f e r e n c e  
which  i s  un ique t o  a  s p e c i f i c  segment. These axes systems de f ine  
t h e  l o c a t i o n  and o r i e n t a t i o n  o f  t h e  mass d i s t r i b u t i o n  p r o p e r t i e s  
o f  each segment as w e l l  as t h e  k i n e m a t i c  parameters.  Thus, t h e  
body i s  viewed as a  system o f  segments each o f  wh ich  move 
r e l a t i v e  t o  each o t h e r .  
3 )  Body m o b i l i t y  i s  d e f i n e d  k i n e m a t i c a l l y  b y  a  t h r e e -  
d imens iona l  m o t i o n  a n a l y s i s  wh ich  desc r ibes  one a x i s  system mov- 
i n g  r e l a t i v e  t o  a n o t h e r  a x i s  system. The three-d imens iona l  
a n a l y s i s  r e q u i r e s  s i x  parameters i n  o r d e r  t o  s o l v e  t h e  equat ions  
d e s c r i b i n g  t h e  k i n e m a t i c a l l y  comple te  s i x  degrees o f  freedom. 
The a n a l y t i c a l  procedures have been demonstrated i n  K i n z e l  , Hal 1, 
and H i l l b e r y  (1972). The r e s u l t s  f r o m  t h i s  a n a l y s i s  w i l l  p r o v i d e  
m a t h e m a t i c a l l y  comple te  d e s c r i p t i o n s  o f  segment mobi 1  i t y  b u t  t h e  
a p p l i c a b i l i t y  o f  these r e s u l t s  t o  s t a t i s t i c a l  a n a l y s i s  i s  unknown. 
4 )  S k e l e t a l  landmarks measured i n  th ree-d imens iona l  
C a r t e s i a n  c o o r d i n a t e s  may be d e s c r i b e d  i n  a  sample th rough  t h e  
use o f  p r o b a b i l i t y  e l  1  i p s o i d s .  Thus, t h e  s t a t i s t i c a l  summari- 
z a t i o n  o f  t h e  d a t a  on 280 i n d i v i d u a l s  i n  S e c t i o n  4.5 o f  t h e  
I n t e r i m  Repor t  can a l s o  be u t i l i z e d  i n  t h e  th ree -d imens iona l  de- 
s c r i p t i o n  o f  body p o s i t i o n .  I t  i s  a n t i c i p a t e d  t h a t  s i m i l a r  
techn iques w i  11 be used on t h e  r e s u l t a n t  body m o b i l i t y  data.  
5 )  Ta rge ts  on t h e  body s u r f a c e  and on s k e l e t a l  f e a t u r e s  
can be measured a c c u r a t e l y  w i t h  t h e  s t e r e o - r a d i o g r a p h i c  techn ique .  
The r e l a t i o n s h i p  between i n t e r n a l  and e x t e r n a l  landmarks may be 
measured as w e l l  as t h e  mo t ion  o f  an incrementa l ly -moved a x i s  
system d e f i n e d  by  t h r e e  landmarks. The d e s c r i p t i o n  o f  a x i s  
system mot ion  th rough  t h e  use o f  i nc remen ta l  s t e reo - rad iog raphs  
r e l i e s  upon r e l a t i v e l y  low da ta  d e n s i t y  a l o n g  t h e  p a t h  o f  
mot ion .  O the r  techn iques m i g h t  r e s o l v e  t h e  i nc remen ta l  d i  s- 
p lacement i n t o  f i n e r  u n i t s  o f  mot ion .  
A smal l  amount o f  da ta  have been c o l l e c t e d  i n  Phase 11. 
The f o l l o w i n g  1  i s t  b r i e f l y  desc r ibes  t h e  r e s u l t s .  
1 )  The s p a t i a l  r e l a t i o n s h i p  between t h e  i n t e r n a l  and ex- 
t e r n a l  landmarks i n  t h e  lumbar /pe lv ic / femur  r e g i o n  o f  t h e  body 
has been i n v e s t i g a t e d  i n  two f r e s h  cadavers.  The r e s u l t s  a r e  
g e o m e t r i c a l l y  d e f i n e d  r e l a t i v e  t o  t h e  secondary a x i s  system i n  
t h e  p e l v i s .  A d d i t i o n a l  research  i s  needed t o  expand t h e  sample 
s i z e  f o r  s t a t i s t i c a l  a n a l y s i s  o f  t h i s  r e l a t i o n s h i p .  
2 )  The m o t i o n  o f  t h e  femur r e l a t i v e  t o  a  f i x e d  p e l v i c  a x i s  
system was i n v e s t i g a t e d  i n  t h r e e  f r e s h  cadavers.  The t h r e e -  
d imens iona l  C a r t e s i a n  c o o r d i n a t e s  f o r  each measured 1  andmark were 
examined u s i n g  two-dimensional  g r a p h i c a l  techn iques.  The da ta  
a r e  c u r r e n t l y  b e i n g  s t u d i e d  u s i n g  th ree-d imens iona l  a n a l y t i c a l  
techniques.  
3)  Densi t o m e t r i  c  measurements of  s k e l e t a l  muscle have been 
made on specimens f r o m  s i x  f r e s h  cadavers.  The sample f o r  t hese  
da ta  w i l l  be expanded d u r i n g  Phase 111. Resu l t s  o f  t h i s  e f f o r t  
w i l l  be used i n  a  geometr ic  model o f  a  body segment presented i n  
t h e  I n t e r i m  Report .  The model i s  a l s o  b e i n g  r e v i s e d  t o  i n c l u d e  
a  more s o p h i s t i c a t e d  and complete t r e a t m e n t  o f  t h e  s k e l e t a l  mass 
d i s t r i b u t i o n  o f  each segment. 
4 )  The s t a b i l i t y  o f  s k e l e t a l  f e a t u r e s  on t h e  p e l v i s  i s  
be ing  i n v e s t i g a t e d  on a  c o l l e c t i o n  of o s t e o l o g i c a l  specimens. 
The specimens a r e  b e i n g  measured i n  groups o f  app rox ima te l y  30 
males and 30 females u n t i l  t h e  t o t a l  sample o f  app rox ima te l y  150 
males and 150 females i s  completed. Resu l t s ,  a t  t h i s  t ime, a r e  
p r e l i m i n a r y .  The s t a t i s t i c a l  a n a l y s i s  o f  these data  w i  11 u t i l i z e  
t h e  techn iques employed on t h e  sample o f  280 s u b j e c t s  i n v e s t i -  
gated i n  Phase I. 
4.2 Recommendations f o r  Sys tems Anthropometry Research, 
4.2.1 I n s t r u m e n t a t i o n  
There a r e  two ma jo r  concerns i n  t a k i n g  t h e  measurements 
r e q u i r e d  f o r  Sys tems Anthropometry.  F i r s t ,  t o  d e f i n e  a  segment 
a x i s  systeni f rom landmarks l o c a t e d  as f a r  a p a r t  as p o s s i b l e ,  a  
l a r g e  stereo-measurement f o r m a t  i s  needed w i t h  a  36 cm w id th ,  90 
cni l e n g t h ,  and a  60 cm depth. Th i s  f i x e d  measurement space 
s h o u l d  have app rox ima te l y  1% r e s o l u t i o n  w i t h  an accuracy  o f  k0.1 
mm f o r  t h e  complete s t e r e o - r a d i o g r a p h i c  system t o  assure  useab ly  
a c c u r a t e  d a t a  f o r  axes systems d e f i n i t i o n s .  Given an e x p e r i -  
mental  system o f  t h i s  c a l i b e r , *  t h e  i n v e s t i g a t i o n  would be a b l e  
t o  f ocus  on t h e  b i o l o g i c a l  v a r i a b i l i t y  o f  t h e  p o p u l a t i o n  and t h e  
a b i l i t y  o f  t h e  obse rve r  t o  r e c o r d  t h i s  v a r i a b i l i t y .  
I n  o r d e r  t o  accompl ish  t h i s  l e v e l  o f  measurement c a p a b i l i t y  
t h e  f o l l o w i n g  i s  recommended: 
1 ) assured o r t h o g o n a l i t y  o f  x - r a y  s t e r e o  base, f i d u c i a l  
p lane,  and f i l m  p l a n e  by  a c c u r a t e  a l i gnmen t  techn iques w i t h  an x - r a y  
system d e d i c a t e d  s o l e l y  f o r  systems an th ropomet r i c  research;  
2 )  d i g i t a l  encod ing methods f o r  r e f e r e n c i n g  r e p o s i t i o n i n g  
o f  x - r a y  head and f i d u c i a l  p lane;  
3 )  making t h e  f i l m  p l a n e  independent  o f  t h e  f i d u c i a l  p lane,  
b u t  o r thogona l  t o  t h e  s t e r e o  base; 
4 )  upon comp le t i on  o f  a  d e d i c a t e d  x - ray  f a c i l i t y ,  a  com- 
p rehens i ve  c a l i b r a t i o n  s tudy  wh ich  i s o l a t e s  and min imizes  sys-  
t en ia t i c  and randorn e r r o r ,  and 
5 )  app l  i c a  t i o n  o f  these expe r imen ta l  l y  de termined c o r r e c -  
t i o n  f a c t o r s  f o r  s y s t e m a t i c  e r r o r  t o  t h e  measurement da ta  i n  t h e  
computer program. 
*A f a c i l i t y  t h a t  w i l l  meet these requ i rements  i s  c u r r e n t l y  b e i n g  
c o n s t r u c t e d  a t  M ich igan  S t a t e  U n i v e r s i t y ,  Col l e g e  o f  Os teopa th i c  
Med ic ine  where t h e  p r o j e c t  i s  now c o n t i n u i n g  i n  Phase 111. 
The second ma jo r  concern  i n  t h e  measurements necessary  f o r  
systems anthropometry  concerns t h e  measurement o f  t h e  k i n e m a t i c  
p r o p e r t i e s  o f  each j o i n t ,  o r  r e l a t i v e  segment mot ion.  T h i s  
measurement must  be made f o r  sma l l  increments  o f  j o i n t  d i s p l a c e -  
ment. R o t a t o r y  and t r a n s l a t o r y  mot ions  must be measured t o  
o b t a i n  enough parameters t o  d e s c r i b e  t h e  c h a r a c t e r i s t i c s  o f  each 
r e l a t i v e  t o  s i x  degrees o f  freedom. The need f o r  h i g h l y  a c c u r a t e  
i n f o r m a t i o n  i s  a l s o  i m p o r t a n t  s i n c e  sma l l  increments  o f  m o t i o n  i n  
t h e  j o i n t  produces r e l a t i v e l y  l a r g e  increments  o f  mo t ion  a t  t h e  
e x t r e m i t y .  There a r e  two measurement techn iques a v a i  l a b l e  t o  
o b t a i n  t h e  h i g h  r e s o l u t i o n  and h i g h  accuracy  o f  smal l  r o t a t o r y  
and t r a n s l a t o r y  d isp lacen ient  i n  t h e  anatomica l  j o i n t - - d i g i  t a l  
s t e r e o - r a d i o g r a p h y  and 1  i nkaye  t ransducers .  S te reo - rad io -  
graphy has been used th roughou t  t h i s  program and i s  f a m i l i a r  t o  
a l l  concerned. The l i n k a g e  t r a n s d u c e r  i s  an assembly o f  l i n k s  
and r e v o l u t e  j o i n t s ,  and t h e  ends o f  t h i s  t ransducer  can be 
a t t a c h e d  t o  two bod ies .  The t r a n s d u c e r  c o n t i n u o u s l y  measures 
t h e  s i x  degrees o f  freedom o f  r e l a t i v e  mo t ion  o f  these bod ies  
w i t h o u t  r e s t r i c t i n g  t h a t  mot ion .  From these r e c o r d s  o f  r e l a t i v e  
p o s i t i o n ,  t h e  k i n e m a t i c  c h a r a c t e r i s t i c s  o f  t h e  j o i n t ( s )  between 
t h e  segments t o  wh ich  t h e  l i n k a g e  t r a n s d u c e r  i s  a t t a c h e d  can be 
determined.  By c o n t i n u o u s l y  measur ing t h e  s i x  degrees o f  freedom 
o f  genera l  t h ree -d imens iona l  mo t ion  w i t h  t h i s  t y p e  o f  i n s t r u m e n t ,  
t h e  r e l a t i v e  v e l o c i t y  and a c c e l e r a t i o n  o f  segments t o  wh ich  i t  i s  
a t t a c h e d  can a l s o  be determined as con t inuous  f u n c t i o n s  of  t ime. 
The b e s t  approach p r o b a b l y  l i e s  i n  a  comb ina t ion  o f  b o t h  
systems i n  o r d e r  t o  use t h e  advantages un ique t o  b o t h  systems, 
and t o  answer ques t i ons  r e 1  a t i v e  t o  t h e  th ree -d imens iona l  
an th ropomet r i c  d e s c r i p t i o n  o f  t h e  dynamic body. S t e r e o - r a d i o -  
graphy c o u l d  be used f o r  measur ing  an i n i t i a l  p o s i t i o n  o f  
s k e l e t a l  segments and l i n k a g e  t r a n s d u c e r  r e l a t i v e  t o  each o t h e r .  
The r e l a t i v e  movement o f  t h e  segments c o u l d  then  be measured w i t h  
t h e  1  i nkage  t ransducer .  The p o s i t i o n s  o f  t h e  segments r e l a t i v e  
t o  each o t h e r  and t h e  1  i nkage  t r a n s d u c e r  would be checked w i t h  
s te reo - rad iog raphs .  
4.2.2 F u t u r e  Research 
The research  ques t ions  posed f o r  Systems Anthroponietry a r e  
p r i m a r i l y  d i  r e c t e d  towards an unders tand ing  and documentat ion o f  t h e  
v a r i a b i l i t y  o f  body p o s i t i o n  and m o b i l i t y .  Body m o b i l i t y  must be 
i n v e s t i g a t e d  f o r  b o t h  i n t r a -  and i n t e r -  i n d i v i d u a l  v a r i a b i l i t y .  
O f  p r i m a r y  concern i s  t h e  degree t o  wh ich  t h e  j o i n t  k inemat i cs  a r e  
c o n t r o l  l e d  by d e t e r m i n i s t i c  phenomenon versus p r o b a b i l  i s t i c  phe- 
nomenon. T h i s  q u e s t i o n  must be i n v e s t i g a t e d  by i n t e n s i v e l y  s tudy -  
i n g  r e p r o d u c i b i l i t y  o f  t h e  k i n e m a t i c  d e s c r i p t i o n  on s i n g l e  j o i n t s  
o f  i n d i v i d u a l s .  F o l l o w i n g  t h i s  t ype  o f  research  a c t i v i t y ,  t h e  
range and amount o f  v a r i a t i o n  i n  t h e  p o p u l a t i o n  can be i n v e s t i g a t e d .  
To o b t a i n  a  thorough unders tand ing  o f  t h e  measurable parameters o f  
j o i n t  m o b i l i t y  i n  t h e  p o p u l a t i o n  s u f f i c i e n t  f o r  p r e d i c t i o n  o f  body 
p o s i t i o n  and m o b i l i t y ,  measurements w i t h  accuracy  as good o r  b e t t e r  
t han  t h e  p r e s e n t  work a t  HSRI must be c o n t i n u e d  t o  o t h e r  body 
reg ions .  These r e s u l t s  w i l l  be ana lyzed u s i n g  a  r e c e n t l y  developed 
th ree -d imens iona l  k i n e m a t i c  a n a l y s i s  f o r  a  complete d e s c r i p t i o n  o f  
th ree-d imens iona l  mot ion .  The da ta  and a n a l y t i c a l  r e s u l t s  must be 
p resen ted  i n  exp l  i c i  t mathemat ica l  f u n c t i o n s  and i n  unders tandab le  
computer a i d e d  g r a p h i c  d i s p l a y s .  
T h i s  i n v e s t i g a t i o n  shou ld  t h e r e f o r e  c o n t i n u e  i n t o  c o l l  e c t -  
i n g  and a n a l y z i n g  a d d i t i o n a l  da ta  on t h e  h i p  j o i n t .  A d d i t i o n a l  
research  st loul  d  be d i r e c t e d  towards a  s i m i  l a r  i n v e s t i g a t i o n  o f  
t h e  s p i n a l  column. Both  o f  these research  areas shou ld  i n c l u d e  
parameters o f  body s i z e  i n  t h e i r  i n v e s t i g a t i o n  i n  o r d e r  t o  ex-  
amine t h e  r e l a t i o n s h i p  between body s i z e  and k i n e m a t i c s .  I n  
conc lus ion ,  t h e  p r i m a r y  goal  f o r  systems anthropometry  i s  t o  p r o -  
v i d e  a  b i o l o g i c a l  b a s i s  f o r  a  mechanical  model t o  be used i n  
computer s i m u l a t i o n s  and m i n i  k i n  des ign.  
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6.  APPENDIX 
A.  Cadaver Anthropometry  
A.1. L i s t  o f  Landmark D e f i n i t i o n s  
ACROMION The most l a t e r a l  p r o j e c t i o n  o f  t h e  ac romia l  process o f  
t h e  scapula.  
ANTERIOR SUPERIOR IL IAC SPINE A p o i n t  on t h e  p e l v i s  l o c a t e d  a t  
t h e  most a n t e r i o r  p r o j e c t i o n  o f  t h e  s u p e r i o r  s p i n e  on 
t h e  i l i a c  p o r t i o n  o f  t h e  p e l v i s .  
BALL OF HUMERUS The l e v e l  o f  t h e  most s u p e r i o r  p o r t i o n  o f  t h e  
b i c i p i t a l  groove l y i n g  between t h e  g r e a t e r  and l e s s e r  
t u b e r o s i t i e s  o f  t h e  humerus. 
CRINION The m i d p o i n t  o f  t h e  h a i r l i n e  on t h e  forehead. 
DACTYLION The most d i s t a l  p o i n t  on t h e  t i p  o f  t h e  m i d d l e  d i g i t  
(111) .  
DISTAL Remote; f a r t h e r  f r o m  any p o i n t  o f  r e f e r e n c e ;  opposed t o  
p rox ima l .  
FIBULARE The most p rox ima l  p o i n t  on t h e  head o f  t h e  f i b u l a .  
GLABELLA The most a n t e r i o r  p o i n t  on t h e  fo rehead t h a t  l i e s  
between t h e  brow r i d g e s  i n  t h e  mid-sag i  t t a l  p lane.  
GONION The most l a t e r a l  p o i n t  a t  t h e  i n t e r s e c t i o n  o f  t h e  
h o r i z o n t a l  and ascend ing rami of  t h e  mandible.  
ILIOCRISTALE The most  s u p e r i o r  p o i n t  on t h e  l a t e r a l  edge o f  t h e  
i l i a c  c r e s t  of t h e  p e l v i s .  
blALLEOLUS The most  media l  and l a t e r a l  p r o j e c t i o n s  on t h e  d i s t a l  
end of  t h e  t i b i a  and f i b u l a ,  r e s p e c t i v e l y .  
MANUBRIUM The c r a n i a l  p o r t i o n  of t h e  sternum, wh ich  a r t i c u l a t e s  
w i t h  t h e  c l a v i c l e s  and t h e  f i r s t  two p a i r s  o f  r i b s .  
MASTOID The most  i n f e r i o r  p o i n t  on  t h e  t i p  o f  t h e  m a s t o i d  
process o f  t h e  s k u l l .  
MENTON The most a n t e r o - i n f e r i o r  p o i n t  on t h e  c h i n  i n  t h e  mid-  
s a g i t t a l  p lane.  
METACARPALS The l o n g  bones i n  t h e  palm o f  t h e  hand which 
a r t i c u l a t e  w i t h  the  phalanges o f  the f i n g e r s .  
NUCHALE The p o i n t  on t h e  back of the  s k u l l  i n  t h e  m i d - s a g i t t a l  
p lane de f ined  by the  s u p e r i o r  margin o f  t h e  o c c i p u t  and 
t h e  neck, o r  nuchal ,  musculature.  
OLECRANON PROCESS The prox imal  p o r t i o n  o f  the  u lna  which forms 
the  bony p r o j e c t i o n  i n  t h e  p o s t e r i o r  p r o j e c t i o n  of  t h e  
e l  bow. 
OPISTHOCRANION The p o i n t  on t h e  back o f  t h e  s k u l l  which l i e s  a t  
t h e  g r e a t e s t  d i s t a n c e  f rom Glabel  l a .  
PROXIMAL Nearest; c l o s e r  t o  any p o i n t  o f  re fe rence ;  opposed t o  
d i s t a l .  
RADIALE The most s u p e r i o r  l a t e r a l  p r o j e c t i o n  o f  t h e  head o f  t h e  
r a d i u s  found s u p e r f i c i a l l y  a t  the  l e v e l  o f  t he  e l  bow 
dimple.  
SPHYRION The most d i s t a l  t i p  o f  t h e  t i b i a  on t h e  medial  s i d e  o f  
t h e  ankle.  
STYLION The most d i s t a l  t i p  o f  t h e  r a d i a l  s t y l o i d  process.  
SUBSTERNALE A p o i n t  on t h e  a n t e r i o r  s u r f a c e  o f  t h e  ches t  a t  the  
most i n f e r i o r  t i p  o f  t h e  x i p h o i d  process o f  the  
sternum, 
SUPRASTERNALE A p o i n t  on t h e  most i n f e r i o r  margin o f  t h e  s t e r n a l  
notch a t  the  t o p  o f  t h e  manubrium. 
SYMPHYSION A p o i n t  i n  t h e  m i d - s a g i t t a l  p lane on t h e  most 
a n t e r i o r  s u p e r i o r  edge o f  t h e  pub ic  symphysis of  t h e  
pe l  v i s  . 
TIBIALE The p o i n t  on t h e  prox imal  end o f  t h e  t i b i a  l o c a t e d  as 
t h e  h i g h e s t  p o i n t  on the  marg in  o f  the  g l e n o i d  i n  an 
antero-media l  d i r e c t i o n  near  t h e  knee j o i n t .  
TRAGION The no tch  i n  the  c a r t i l a g e  o f  t h e  e a r  a t  t h e  s u p e r i o r  
marg in  o f  t h e  t ragus.  
TROCHAMTERION The most  s u p e r i o r  p r o j e c t i o n  o f  t h e  Grea te r  
T rochan te r  o f  t h e  femur. 
VERTEX The most s u p e r i o r  p o i n t  i n  t h e  mid-sag i  t t a l  p l a n e  on 
t h e  head. 
A.2. L i s t  o f  Measurement D e f i n i t i o n s  
1. Weight: Record t h e  nude w e i g h t  o f  t h e  cadaver t o  t h e  
n e a r e s t  t e n t h  o f  a  k i l o g r a m  a t  t i m e  o f  measurement. 
2. S t a t u r e :  Lay t h e  cadaver on t h e  measur ing t a b l e  w i t h  head 
i n  t h e  F r a n k f o r t  Plane a g a i n s t  a  boa rd  tangen t  t o  
Ver tex  and p a r a l l e l  t o  t h e  F r a n k f o r t  Plane.  
Measure w i t h  an anthropometer t h e  p e r p e n d i c u l a r  
d i s t a n c e  f r o m  t h e  headboard t o  t h e  most d i s t a l  
p o i n t  on t h e  h e e l s  o f  t h e  f e e t  and average f o r  
t o t a l  s t a t u r e .  The measurement s h o u l d  be p a r a l  1el 
t o  t h e  l o n g  a x i s  o f  t h e  body. 
3. T r o c h a n t e r i o n  He igh t :  Measure w i t h  an anthropometer  t h e  
p e r p e n d i c u l a r  d i s t a n c e  from t h e  headboard t o  r i g h t  
T rochan te r ion .  The nieasureinent s h o u l d  be p a r a l  1  e l  
t o  t h e  l o n g  a x i s  o f  t h e  body. 
4. Symphysion H e i g h t :  Measure w i t h  an anthropometer  t h e  p e r -  
pend i  c u l  a r  d i s t a n c e  f rom t h e  headboard t o  
Symphysion. The measurement shou ld  be 
p a r a l l e l  t o  t h e  l o n g  a x i s  o f  t h e  body. 
5. A n t e r i o r  S u p e r i o r  I l i a c  Spine (ASIS) H e i g h t :  Measure t h e  
p e r p e n d i c u l a r  d i s t a n c e  f r o m  t h e  headboard t o  
r i g h t  A n t e r i o r  S u p e r i o r  I 1  i a c  Spine. The measure- 
ment shou ld  be p a r a l l e l  t o  t h e  l o n g  a x i s  o f  t h e  
body. 
6. I 1  i o c r i s t a l e  H e i g h t :  Measure t h e  p e r p e n d i c u l a r  d i s t a n c e  
f rom t h e  headboard t o  r i g h t  I l i o c r i s t a l e  . 
The measurement shou ld  be p a r a l l e l  t o  t h e  l o n g  
a x i s  o f  t h e  body 
7. Subs te rna le  He igh t :  Measure t h e  p e r p e n d i c u l a r  d i s t a n c e  
f r o m  t h e  headboard t o  Substerna le .  The measure- 
ment s h o u l d  be p a r a l l e l  t o  t h e  l o n g  a x i s  o f  t h e  
body. 
8. Mid-Chest He igh t :  Measure t h e  p e r p e n d i c u l a r  d i s t a n c e  w i t h  
an anthropometer  f r o m  t h e  headboard t o  t h e  p o i n t  
on t h e  a n t e r i o r  s u r f a c e  o f  t h e  c h e s t  mid-way 
between Supras t e r n a l e  and Subs te rna l  e. The 
measurement s h o u l d  be p a r a l l e l  t o  t h e  l o n g  a x i s  
o f  t h e  body, 
10. Acrominon He igh t :  Measure t h e  p e r p e n d i c u l a r  d i s t a n c e  w i t h  
an anthropometer  f rom t h e  headboard t o  r i g h t  
Acromion, The measurement s h o u l d  be p a r a l l e l  t o  
t h e  l o n g  a x i s  o f  t h e  body. 
11. Mas to id  He igh t :  Wi th  t h e  head i n  t h e  F r a n k f o r t  P lane 
a g a i n s t  a  boa rd  t a n g e n t i a l  t o  Ve r tex  and p a r a l l e l  
t o  t h e  F r a n k f o r t  Plane, measure t h e  p e r p e n d i c u l a r  
d i s t a n c e  f rom t h e  headboard t o  t h e  most i n f e r i o r  
t i p  o f  t h e  r i g h t  mas to id  process.  
12. T r a g i o n  He igh t :  Wi th  t h e  head i n  t h e  F r a n k f o r t  P lane 
a g a i n s t  a  boa rd  t a n g e n t i a l  t o  Ve r tex  and p a r a l l e l  
t o  t h e  F r a n k f o r t  Plane, measure t h e  p e r p e n d i c u l a r  
d i s t a n c e  w i t h  an anthropometer  f r o m  t h e  headboard 
t o  r i g h t  Trag ion.  
13. T r a g i o n  Depth: Wi th  t h e  head i n  t h e  F r a n k f o r t  Plane, 
measure t h e  p e r p e n d i c u l a r  d i s t a n c e  w i t h  an 
anthropometer  f r o m  t h e  s u r f a c e  on which  t h e  back 
o f  t h e  head i s  r e s t i n g  t o  r i g h t  Trag ion.  
14. S u p r a s t e r n a l e  Depth: Measure t h e  p e r p e n d i c u l a r  d i s t a n c e  
w i t h  an anthropometer  f r o m  t h e  s u r f a c e  on which  
t h e  body i s  r e s t i n g  t o  Supras te rna le .  
Mid-Chest Depth: Measure t h e  p e r p e n d i c u l a r  d i s t a n c e  w i t h  an 
anthropometer  f rom t h e  s u r f a c e  on wh ich  t h e  body 
i s  r e s t i n g  t o  t h e  p o i n t  on t h e  a n t e r i o r  s u r f a c e  o f  
t h e  c h e s t  mi d-way between Supras te rna l  e  and Sub- 
s t e r n a l e .  
Subs te rna le  Depth: Measure t h e  p e r p e n d i c u l a r  d i s t a n c e  w i t h  
an anthropometer  f rom t h e  s u r f a c e  on wh ich  t h e  
body i s  r e s t i n g  t o  Subs te rna le .  
A n t e r i o r  S u p e r i o r  I l i a c  Spine Depth: Measure t h e  perpend i -  
c u l a r  d i s t a n c e  w i t h  an anthropometer  f rom t h e  
s u r f a c e  on wh ich  t h e  body i s  r e s t i n g  t o  r i g h t  
A n t e r i o r  S u p e r i o r  I l i a c  Spine, 
Symphysion Depth: Measure t h e  p e r p e n d i c u l a r  d i s t a n c e  w i  t h  
an anthropometer  f r o m  t h e  s u r f a c e  on wh ich  t h e  
body i s  r e s t i n g  t o  Syrnphysion. 
Supras terna le-Acromion D is tance:  Measure t h e  para1 1  e l  d i  s- 
t ance  w i t h  an anthropometer  from Supras te rna le  t o  
r i g h t  and l e f t  Acromion. 
B i a c r o m i a l  Diameter :  Measure t h e  d i s t a n c e  w i t h  an anthropo-  
meter  between t h e  l a t e r a l  edge o f  t h e  r i g h t  and 
1 e f t  Acromi ons . 
Mid-Chest Breadth:  Measure w i t h  an anthropometer  t h e  
b r e a d t h  o f  t h e  c h e s t  a t  a  l e v e l  mid-way between 
Supras te rna le  and Subs te rna le  p e r p e n d i c u l a r  t o  
t h e  mid-sag i  t t a l  p lane .  
Chest Breadth  a t  Substerna le :  Measure w i t h  an anthropometer  
t h e  b read th  o f  t h e  c h e s t  a t  Substerna le .  
H i p  B read th  a t  I 1  i o c r i s t a l e :  Measure w i t h  an anthropometer  
t h e  boney b read th  between t h e  r i g h t  and l e f t  I l i o -  
c r i s t a l e  landmarks p e r p e n d i c u l a r  t o  t h e  mid-  
s a g i t t a l  p lane.  
Bisp inous  Diameter:  Measure w i t h  an anthropometer  t h e  para1 - 
l e l  d i s t a n c e  between t h e  r i g h t  and l e f t  A n t e r i o r  
S u p e r i o r  I 1  i ac Spines . 
ASIS-Symphysion D is tance :  Measure w i t h  an anthropometer  t h e  
p a r a l l e l  d i s t a n c e  f r o m  Symphysion t o  r i g h t  An- 
t e r i o r  S u p e r i o r  I 1  i a c  Spine. 
B i t r o c h a n t e r i c  Breadth :  Measure w i t h  an anthropometer  t h e  
boney b r e a d t h  between r i g h t  and 1  e f t  T r o c h a n t e r i  ons 
p e r p e n d i c u l a r  t o  t h e  mid-sag i  t t a l  p lane.  
Acromion-Radiale Length : Measure w i t h  an anthropometer  
t h e  d i s t a n c e  f r o m  Acromion t o  R a d i a l e  
p a r a l l e l  t o  t h e  l o n g  a x i s  o f  t h e  r i g h t  
upper 1 imb. 
B a l l  o f  Humerus-Radiale Length:  Measure w i t h  an anthropome- 
t e r  t h e  d i s t a n c e  f r o m  Ball-of-Humerus t o  
R a d i a l e  p a r a l l e l  t o  t h e  l o n g  a x i s  o f  
t h e  r i g h t  upper  l imb .  
Rad ia le -S ty1  i o n  Length :  Measure w i t h  an anthropometer  t h e  
d i s t a n c e  from R a d i a l e  t o  S t y l i o n  p a r a l l e l  t o  
t h e  l o n g  a x i s  of  t h e  r i g h t  l ower  arm. 
Hand Length :  Measure w i t h  s l i d i n g  c a l i p e r s  t h e  l e n g t h  o f  t h e  
hand from t h e  d i s t a l  w r i s t  c rease t o  
D a c t y l i o n  p a r a l l e l  t o  t h e  l o n g  a x i s  o f  t h e  r i g h t  
hand. 
Hand Breadth :  Measure w i t h  s l i d i n g  c a l i p e r s  t h e  b r e a d t h  of  
t h e  r i g h t  hand between t h e  d i s t a l  ends o f  Meta- 
c a r p a l  I I and Metacarpa l  V. 
Hand Thickness:  Measure w i t h  sp read i  ng c a l i p e r s  t h e  maximum 
t h i c k n e s s  o f  t h e  r i g h t  hand a t  t h e  d i s t a l  end o f  
Metacarpa l  I I I. 
Minimum W r i s t  Breadth :  Measure w i t h  s l i d i n g  c a l i p e r s  t h e  
minimum b r e a d t h  o f  t h e  r i g h t  w r i s t  j u s t  p rox ima l  
t o  t h e  r a d i a l  and u l n a r  s t y l o i d  processes.  
Forearm Depth: Measure w i t h  s l i d i n g  c a l i p e r s  t h e  maximum 
b r e a d t h  o f  t h e  r i g h t  f o r e a r m  a t  t h e  same l e v e l  as 
maximum fo rea rm c i r cumfe rence .  
Upper Arm Depth: Measure w i t h  s l i d i n g  c a l i p e r s  t h e  depth  o f  
t h e  r i g h t  upper  arm a t  a  l e v e l  midway between t h e  
t o p  o f  t h e  s h o u l d e r  and t h e  i n f e r i o r  t i p  of t h e  
o l e c r a n o n  process .  
Femur Length  : Measure w i t h  an anthropometer  t h e  p a r a l  1  e l  
d i s t a n c e  f r o m  T r o c h a n t e r i o n  t o  F i  b u l a r e  on t h e  
r i g h t  l eg .  
F i b u l a r  Length :  Measure w i t h  an anthropometer  t h e  p a r a l l e l  
d i s t a n c e  f r o m  F i b u l a r e  t o  t h e  l a t e r a l  M a l l e o l u s  o f  
t h e  f i b u l a  on  t h e  r i g h t  l e g .  
T i b i a  Length:  Measure w i t h  an anthropometer  t h e  p a r a l  1  e l  
d i s t a n c e  f r o m  T i b i a l e  t o  Sphy r ion  on t h e  r i g h t  l e g .  
Lower Leg Length :  Measure w i t h  an anthropometer  t h e  p a r a l l e l  
d i s t a n c e  f r o m  T i b i a l e  t o  t h e  most  d i s t a l  p o i n t  on 
t h e  hee l  o f  t h e  f o o t  on t h e  r i g h t  leg .  
Foo t  Length :  Measure w i t h  an anthropometer  t h e  l e n g t h  o f  t h e  
r i g h t  f o o t  from t h e  d o r s a l  s u r f a c e  o f  t h e  hee l  t o  
t h e  t i p  o f  t h e  b i g  t o e  a l o n g  an a x i s  p a r a l l e l  t o  
t h e  l o n g  a x i s  o f  t h e  f o o t .  
Foot  Breadth :  Measure w i t h  s l i d i n g  c a l i p e r s  t h e  nlaximum 
b r e a d t h  o f  t h e  r i g h t  f o o t  a t  t h e  l e v e l  o f  t h e  
m e t a t a r s a l  -pha langea l  j o i n t s .  
42. Minimum A n k l e  B read th :  Measure w i t h  s l i d i n g  c a l i p e r s  t h e  
minimum b r e a d t h  o f  t h e  r i g h t  a n k l e  p rox ima l  t o  
t h e  ma1 1  e o l  i . 
43. Maximum Cal f  Depth: Measure w i t h  s l i d i n g  c a l i p e r s  t h e  
maximum a n t e r i o - p o s t e r i o r  depth  a t  t h e  l e v e l  o f  
maximum c a l f  c i r cumfe rence  on t h e  r i g h t  l e g .  
Upper Th igh  Breadth :  Measure w i t h  a  beam anthropometer t h e  
b r e a d t h  o f  t h e  upper r i g h t  t h i g h  a t  t h e  l e v e l  o f  
t h e  c r o t c h .  
Head Breadth :  Fleasure w i t h  sp read ing  c a l i p e r s  t h e  maximum 
h o r i z o n t a l  b r e a d t h  on t h e  sku1 1  p e r p e n d i c u l a r  t o  
t h e  mid-sag i  t t a l  p lane.  
Head Length :  Measure w i t h  sp read ing  c a l i p e r s  t h e  maximum 
l e n g t h  i n  t h e  m i d - s a g i t t a l  p l a n e  between Glabe l  l a  
and Op is thoc ran ion ,  
B i  t r a g i o n  Diameter:  Measure w i t h  sp read ing  c a l  i p e r s  t h e  
d i s t a n c e  between r i g h t  and l e f t  T rag ions .  
B i g o n i a l  Diameter: Measure w i t h  sp read ing  c a l i p e r s  t h e  
d i s t a n c e  between r i g h t  and l e f t  Gonions. 
M a s t o i d - C r i  n i o n  Length :  Measure w i t h  t h e  anthropometer  t h e  
d i s t a n c e  from t h e  t i p  o f  t h e  m a s t o i d  process t o  
C r i n i o n  para1 l e l  t o  t h e  m id -sag i  t t a l  p lane .  
Head Ci rcumference:  Wi th  t h e  tape  pass ing  j u s t  above 
Glabe l  l a ,  measure t h e  maximum c i r cumfe rence  o f  
t h e  head. 
M i d - S a g i t t a l  Arc  Length :  P lace  t h e  tape  on G l a b e l l a  and 
measure t h e  a r c  l e n g t h  i n  t h e  mid- 
s a g i t t a l  p l a n e  t o  Nuchale. 
B i t r a g i o n - C o r o n a l  Arc Length:  P lace t h e  tape  on l e f t  
T r a g i o n  and measure t h e  a r c  l e n g t h  t o  
r i g h t  T r a g i o n  i n  t h e  F r o n t a l  Plane. 
Mid-Neck C i  rcumference:  Measure t h e  c i r cumfe rence  o f  t h e  
neck w i t h  t h e  tape  pass ing  i n f e r i o r ,  b u t  t angen t  
t o ,  t h e  l a r y n g e a l  prominence (Adam's App le) .  
54. Chest Circumference a t  Mid-Chest: Measure the horizontal 
circumference a t  the level of the point on the 
an te r io r  surface of the chest midway between 
Suprasternale and Substernale. 
55. Chest Circumference a t  Substernale: Measure the horizontal 
circumference a t  the level of Substernale, 
56. Hip Circumference, I 1  i oc r i s t a l e :  1,Ieasure the horizontal 
circumference a t  the level of I1 ioc r i s t a le .  
57. Buttocks Circumference a t  Trochanterion: Measure the hori- 
zontal circumference a t  the level of Trochan- 
ter ion* 
58. Upper Arm Circumference: Measure the circumference of the 
upper arm a t  the level of half the length of the 
upper limb in a plane perpendicular to 
the long axis of tile r ight  limb. 
59. Maximum Forearm Circumference: Measure the maximum circum- 
ference of the forearm with the tape in a plane 
perpendicular t o  the long axis of the r ight  limb. 
60. Minimum Wri s t  Circuniference: Measure the minimum circum- 
ference of tlie wrist  a t  the level proximal t o  the 
s ty loid  processes of the radius and ulna in a 
plane perpendicular to  the long axis of the r ight  
forearm, 
61 . Upper Thigh Circumference: Measure the circumference of the 
thigh tangent t o  the crotch in a plane perpendicular 
to  the long axis of the r ight  thigh. 
62. Maximum Calf Ci rcumference: Eleasure the maximum ci  rcum- 
ference of the calf  in a plane perpendicular to 
the long  axis of the r ight  lower leg. 
63. Minimum Ankle Circumference: Measure the minimum circum- 
ference of the ankle a t  the level proximal to  
the malleoli of the t i b i a  a n d  f ibula on a plane 
perpendicular t o  the long axis of the r ight  lower 
1 eg. 
B. FORTRAN Program f o r  Computing 3-D Coord ina te  
L o c a t i o n s  o f  Anthropomet r i  c  Landmarks 
The programs i n  t h e  f o l l o w i n g  l i s t i n g s  were w r i t t e n  f o r  use 
on an AMDAHL 470/V6 and r u n  under t h e  U n i v e r s i t y  o f  M i c h i g a n ' s  
o p e r a t i n g  system known as t h e  M ich igan  Termina l  System ( o r  MTS). 
Much o f  t h e  code i s  w r i t t e n  i n  s t a n d a r d  FORTRAN I V ,  however, 
occas iona l  use i s  made o f  MTS-suppl i e d  system s u b r o u t i n e s  such as 
FREAD wh ich  i s  a  f r e e  f o r m a t  d a t a  110 u t i l i t y  o r  FORTRAN ex ten-  
s i o n s  p e c u l i a r  t o  MTS such as "IF(EQuC.. . . . .)." 
The programs a r e :  
MAIN -- which  reads t h e  x-y data,  and c a l c u l a t e s  much o f  t h e  3-d 
i n f o r n i a t i o n  ( f o l  l o w i n g  t h e  a l g o r i t h m  d iscussed i n  t h e  
1 s t  I n t e r i m  Repor t ,  Chapter  4.2). A d d i t i o n a l l y ,  main 
serves as t h e  main program o f  t h e  sub rou t i nes  wh ich  
f o l l o w .  
RAD --  s u p p l i e d  a  v a l u e  o f  x  i n  degrees, RAD r e t u r n e s  as t h e  
e q u i v a l e n t  i n  rad ians .  
DEG -- s u p p l i e d  a  v a l u e  o f  x  i n  rad ians ,  DEG r e t u r n s  as t h e  
e q u i v a l e n t  i n  Degrees. 
COORD -- per fo rms a  p o r t i o n  o f  t h e  c a l c u l a t i o n s  d iscussed i n  
Chapter  4.2 o f  t h e  1 s t  I n t e r i m  Repor t  wh ich  a r e  pe r -  
formed r e p e a t e d l y  d u r i n g  t h e  execu t i on .  
CORECT-- r o t a t e s  and t r a n s l a t e s  t h e  x-y va lues  read  i n  from each 
x - r a y  i n t o  t h e  same a x i s  system, thus  a l l o w i n g  x - rays  t o  
be p laced  on t h e  d i g i t i z e r  w i t h o u t  o r i e n t i n g  them t o  t h e  
d i g i t i z e r  a x i s  system. 
ORIENT-- c a l c u l a t e s  f o r  each x - r a y  d i g i t i z e d ,  t h e  r o t a t i o n  and 
t r a n s l a t i o n  o f  p o i n t s  t o  be performed by CORECT. Thus 
b o t h  s t e r e o - p a i r s  a r e  o r i e n t e d  m a t h e m a t i c a l l y  i n t o  t h e  
same a x i s  system by use o f  f i d u c i a l  marks on t h e  f i l m .  
RAXIS -- a  subprogram which r o t a t e s  and t r a n s l a t e s  t h e  3-d p o i n t s  
o f  t a r g e t s  wh ich  a r e  i n  t h e  p r i m a r y  a x i s  system i n t o  t h e  
c o o r d i n a t e s  o f  t h e  secondary a x i s  system. U t i l  i z i n g  t h e  
A l g o r i t h m  d iscussed i n  Chapter  4.1 o f  t h e  1 s t  I n t e r i m  
Report .  
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C .  Exper imenta l  O u t l i n e  f o r  Systems 
Anthropometry Data C o l l e c t i o n  
1. X-Ray C a l i b r a t i o n  
2. X-Ray Survey o f  Specimen 
1 )  A-P Lumbar 
2 )  A-P P e l v i s  
3) A-P Femur, i n c l u d i n g  Knee 
4 )  L a t e r a l  P e l v i s  
3. Anthropometry 
4. S u r f a c e - I n t e r n a l  Landmark C o r r e l a t i o n  
1 )  Specimen i n  sup ine p o s i t i o n  on 114" plywood shee t  on x- 
r a y  t a b l e ,  wedge b l o c k s  above and below p e l v i s  on b o t h  
s ides  ; 
a )  Sur face  Landmarks on P e l v i s  and Femur 
( 1 )  R i g h t  ASIS 
( 2 )  L e f t  ASIS 
( 3 )  Symphysion 
( 4 )  R i g h t  Pubic Tuberc le  
( 5 )  L e f t  Pubic Tuberc le  
( 6 )  R i g h t  Grea te r  T rochan te r -T rochan te r i  on 
b )  S t e r e o - p a i r  
(1  ) A-P Pel v i s - - 1  .l . Landmarks 
c )  I n t e r n a l  Landmarks 
( 1 )  R i g h t  ASIS 
( 2 )  L e f t  ASIS 
( 3 )  Symphysion 
( 4 )  R i g h t  Pubic Tuberc le  
( 5 )  L e f t  Pubic Tuberc le  
( 6 )  R i g h t  Grea te r  Trochanter - -Trochanter ion 
( 7 )  R i g h t  Grea te r  Trochanter - -2  1 andmarks f o r  a x i s  
sys tem 
F i lms  
3  
4 
d) S t e r e o - p a i r s  
(1 ) A-P Pel vis--Landmarks 
2 )  Specimen i n  prone p o s i t i o n  on 114" p lywood s h e e t  on x - ray  
t a b l e ,  w i t h  wedge b l o c k s  above and below p e l v i s  on b o t h  
s ides .  
a )  Su r face  Landmarks on L/5 and P e l v i s  
( 1 )  R i g h t  PSIS 
( 2 )  L e f t  PSIS 
( 3 )  Spine amidway between R t  + L t  PSIS Landmarks. 
b )  S t e r e o - P a i r  2  
(1  ) P-A Pel v i  s--SURFACE Landmark 
c )  I n t e r n a l  Landmarks 
( 1 )  Spine o f  L5 
( 2 )  R i g h t  PSIS 
( 3 )  L e f t  PSIS 
(4 )  Spine o f  S1 
d) Stereo-Pa i  r 2  
(1 ) P-A Pel vis--INTERNAL Landmark 
5. P r e p a r a t i o n  f o r  M o t i o n  Study 
1 )  W i t h  specimen i n  au topsy  room, i n  prone p o s i t i o n ,  mount 
on s h o r t - b o a r d  r i g i d l y .  
2 )  X-Ray c a l i b r a t i o n  check 3 
3 )  P o s i t i o n  specimen on x - r a y  t a b l e  i n  sup ine  p o s i t i o n ,  
clamp specimen board  t o  x - r a y  t a b l e  w i t h  C-clamps and 
2" x 4" boards. 
a )  S tereo-Pa i  rs--PLANAR MOTION ( FRONTAL) 
(1 ) I n i t i a l  p o s i  t i o n - - f e e t  t o g e t h e r  (@90°) 2  
( 2 )  Abduct ion- -Aduct ion  14 
( a )  100" 
( b )  110° 
( c )  120° 
(d )  130' 
(e)  140" 
( f )  150" 
( 9 )  160" 
b )  Stereo-Pai  rs--PLANAR MOTION ( TRANSVERSE) 
( 1 )  I n i t i a l  Posi t i o n - - f o o t  s t r a i g h t  up (0 " )  2 
( 2 )  R o t a t i o n  10 
( a )  30' Outboard 
( b )  60" I I 
( c )  90' I I 
( d )  30" Inboard  
(e)  60' I I 
4 )  P o s i t i o n  specimen on x- ray  t a b l e  i n  l a t e r a l  p o s i t i o n ,  
w i t h  i r o n  door s top,  C-clamps, and 2 x 4 ' s ,  and shim 
t o r s o  w i t h  b locks.  
a )  Stereo-Pairs--PLANAR MOTION ( PARA SAGITTAL) 
(1 )  I n i t i a l  p o s i t i o n - - l e g  i n  s tand ing  p o s i t i o n  (0') 2 
( 2 )  F l e x i o n  12 
( a )  20" 
(b )  40" 
( c )  60" 
(d)  80" 
( e )  100" 
( f )  120° 
D. Landmark D e f i n i t i o n s  used i n  X-Ray 
Stereo-Photogrammetry Study 
A n t e r i o r  Super ior  I l i a c  Spine (ASIS): With the  specimen i n  the  
supine anatomical pos i t i on ,  pa lpa te  and mark the  most 
a n t e r i o r  p o i n t  on t he  supe r i o r  i l i a c  spine. 
Symphysion: With the specimen i n  the  supine anatomical p o s i t i o n  
pa lpa te  and mark the  most supe r i o r  p o i n t  on the  ven t ra l  
r i m  o f  the  pubic symphysis. 
Pubic Tubercle: With t he  specimen i n  the  supine anatomical 
pos i t i on ,  pa lpate and mark the  most a n t e r i o r  p o i n t  on the  
pubic tuberc le .  
Trochanter ion:  With t he  specimen i n  t he  supine anatomical 
p o s i t i o n ,  pa lpa te  and mark the  most supe r i o r  p o i n t  on t he  
g rea te r  t r ochan te r  o f  the  femur. 
L5 Spine: With t he  specimen i n  t he  prone anatomical p o s i t i o n ,  
pa lpa te  and mark t he  most p o s t e r i o r  p o i n t  on t he  dorsa l  
sp ine o f  the  f i f t h  lumbar ver tebra.  
S1 Spine: With the  specimen i n  t he  prone anatomical p o s i t i o n ,  
pa lpa te  and mark the  most p o s t e r i o r  p o i n t  on t he  f i r s t  
do rsa l  sp ine  o f  t h e  sac ra l  body. 
Pos te r i o r  Super ior  I l i a c  Spine (PSIS): With the specimen i n  t h e  
prone anatomical p o s i t i o n ,  pa lpa te  and mark the most 
p o s t e r i o r  p o i n t  on t he  supe r i o r  i l i a c  spine. 



